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FOREWOKD 


For many years, in fact since the time of Darwin, Biology 
has provided the public with a picture of the world as it 
seems to the student of Life ; more recently we have had 
the opportunity of hearing the opinion of physicists about 
the appearance of their universe; but, perhaps because of 
its comparatively late arrival, the science of Biochemistry — 
the meeting-place of the animate and inanimate worlds — 
has so far not attracted the attention that its intrinsic 
importance demands. It is our object to survey with 
the reader this still unfamiliar region between the physical 
and the biological sciences. 

This book is not a Baedeker guide, exhaustively — and 
perhaps exhaustingly — ^listing every object within view ; 
it seeks rather to indicate the general appearance of the 
countryside. We shall draw attention only to objects 
of special significance in the landscape, neglecting the vast 
mass of detail which, however important to the pro- 
fessional biochemist, would here tend only to distract us 
from our main purpose. 

It is natural, and indeed inevitable, that Biochemistry 
should have developed only recently. Real progress in 
this science was impossible until some of the more funda- 
mental problems of Physics and Chemistry had been solved, 
and in the meantime, the biologically-minded were attracted 
by the more obvious problems concerning the genesis, 
growth and activity of individual animals, and the origin 
and relationship of species. But this lag in the develop- 
ment of Biochemistry has had an unfortunate consequence ; 
the universe seemed to fall into two parts, the physical 
and the biological, the mechanical and the vital. In study- 
ing the chemistry of living tissues, we find ourselves in both 
worlds at once. To the biochemist, neither the biologist’s 
nor the physicist’s universe is altogether strange. 

The main object of this volume is to give what would 
seem, in the present state of our knowledge, to be a reason- 
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able description of the relation of the living to the non- 
hving. A secondary object has been to present to the 
reader some account of the remarkable advances recently 
achieved in Biochemistry itself, and to indicate the signifi- 
cance which this relatively new field of knowledge possesses 
for the future well-being of mankind. 

The plan has been to discuss various topics, not all perhaps 
strictly biochemical, but all having some bearing on the 
principal object of the book. A few technicalities were 
unavoidable, but, by collecting most of these into Chapter 
XIV, it has been possible to leave the rest of the book 
relatively free of elaborate formulae. The reader who 
wishes may safely skim this chapter, or even omit it 
altogether. 

In a book such as this, it is clearly impracticable to give 
complete references to original authorities. Here and 
there the name of an investigator has been mentioned, but 
the choice of these names has been made almost at random, 
according to the convenience of the text. The few references 
given do however indicate the international character of 
biochemical, as of all scientific research. 

During the writing of the book we have had the advantage 
of the advice and criticism of our colleagues in the Uni- 
versity, and the Laboratory of the Koyal College of 
Physicians, Edinburgh, and for all their valuable suggestions 
we wish to acknowledge our indebtedness. Also we wish 
to thank Mr. Walter Spragg, now of the Low Temperature 
Eesearch Station, Cambridge, who gave invaluable assis- 
tance in the preparation of the MS. 

Our thanks are due to Lt.-Col. W. F. Harvey, 
Dr. Walter Tebrich and Mr. Robert White, S.S.C., for the 
use of certain unpublished photographs, and also to many 
authors and societies for permission to include illustra- 
tions from their publications. The sources of these will be 
foimd under the figures. 

W. 0. K. 

P. E. 

September, 1938 . 
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CHAPTER I 


A SENSE OE PROPORTION 

When Gulliver visited Lilliput, lie found himself in a 
country peopled by bemgs entirely similar to the men and 
women with whom he was familiar, except that they were 
only about one-twelfth of the size. They were miniature 
human beings, perfect in proportion, hving in a miniature 
world, with everything in it — houses, furniture, clothes — all 
suited to their size. These minute creatures in their own 
world were just as much at home as Gulliver was in his. It 
was only when the giant from without came into their 
midst that their happy society was disturbed. 

Swift evidently intended his readers to picture the 
Lilhputian community as a small-scale model of an ordinary 
human society. Now, up to a point models will work very 
well indeed. The model engines of the nursery imitate 
tolerably well the real engines of the railways. Before a 
new ship is built models are constructed, and by examining 
their properties in an experimental tank an accurate idea 
is obtained of how the full-sized vessel will behave when it 
is built. The work of designing aeroplanes is likewise much 
assisted by laiowledge derived from small-scale models. 
But the engineer must always be careful to use the model 
in the right way. He soon finds that he caimot simply 
multiply all his dimensions by some factor and assume that 
the new structure will behave just as the old one did. To 
do so would be to court disaster. It is easy enough to 
make a small paper glider which will float gently to earth 
when it is released. But substitute cardboard for paper 
and make every dimension ten times as great, and the 
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large-scale machine will no longer behave so beautifully. 
Instead of the gentle glide, it will in all probabihty crash 
down to earth; for the weight will have increased a 
thousand times, but the wing surface only a hundred times, 
and so these important factors are quite changed relatively 
to each other. The bigger the aeroplane, the more carefully 
must it be planned : the simple flat wings of the paper 
model must be replaced by carefully designed ones of 
special cross-section, and the whole construction of the 
machine must aun at minimum weight combined with 
ma-in'Tnmn strength. GrHding would be an easy sport to 
the Lflhputians, but the giants of Brobdingnag might never 
be able to enjoy this exhilarating pastime. 

The mere size of a thing is, indeed, one of the most 
important facts about it. The design of a structure or 
piece of machinery is dependent on its dimensions. A small 
stream may be bridged by means of a straight, rectangular 
planli ; but increase all the dimensions a thousand times 
and the stream which measured a couple of yards across 
becomes a great river about a mile broad. This could no 
longer be spanned by a straight wooden plank of corre- 
spondingly huge dimensions. Even if it could be con- 
structed, such a bridge would break under its own weight. 
It does not help very much to use steel instead of wood ; 
it is the design of the bridge which must be altered. The 
cheapest method is to divide the bridge up into a series of 
separate small spans supported on a large number of pillars 
erected at intervals across the river — as, for example, in 
the Tay Bridge. The Forth, with its deeper channel, was 
not adapted for this kind of bridge and so here we 
have the much more interesting but also more expensive 
cantilever design. 

Animate nature provides us with many examples of this 
general principle : that the size of a structure determines 
in large measure its design. A spider and an elephant are 
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obviously as different from one another as the plank across 
the stream is from the cantilever bridge. The reader may 
remark that, after all, these two anunals belong to two 
different classes, and some difference of structure is only 
to be expected. One is an arthropod and the other a 




Fig, 1. — Illustrating how the design of a bridge depends on its size. 

(a) A six foot-plank bridge. 

(b) Hammersmith Bridge (08G feet). 

(c) Forth Bridge (8,300 feet). 

(d) Multii>le span bridge. 


mammal ; and even animals of the same size but belonging 
to different classes exhibit a wide variety of structures. 
Agreed ; but our point is that much of the difference 
between spiders and elephants is related directly to the 
difference in size. Imagine a spider enlarged so as to 
become comparable with an elephant and at once you 
reahse that the resulting creature would be impossible 
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from the mechanical standpoint. The body, now ten 
million times its original weight, is still supported in the 
same pendant-like fashion, but on legs only about two 
hundred times as thick ; the strength of each leg, depending 
as it does on its cross-section, will be increased only forty 
thousand times — not at all in proportion to the weight it 
has now to support. The strain on the joints of the arch- 
hke supports would be tremendous, and even if the muscles 
and tendons were strong enough not to snap, the heavy, 
straggly animal would be hopelessly slow and clumsy and 
altogether inefhcient in the struggle for existence. 

And now think of the opposite transformation — an 
elephant reduced to the size of a spider. The stout, 
cyhnder-hke creature supported on its relatively small base 
would obviously be very handicapped when so diminished 
in size. With its relatively short, immobile limbs, its rate 
of movement would necessarily be very slow. Besides, it 
would find it very diflS.cult to retain its balance, for, standing 
on a base so much smaller than the spider’s, it would tend 
to be blown over much more easily by any gust of wind. 
Most small animals have either very short legs and a corre- 
spondingly low centre of gravity, like mice, or have widely 
spreading limbs, like spiders and flies. 

The essential point of all this may be put in the following 
way. The weight of any body of a given shape increases 
with the cube of its dimensions. Other important 
characters, however, follow a different rule. Thus the 
strength of a sinew or a bone increases only with the cross- 
section, that is to say with the square of the hnear dimen- 
sions. In other words, certain properties depend primarily 
on volume, others may depend on surface. The relative 
importance of surface to volume decreases as the dimensions 
increase. Thus, though we may keep the geometrical 
proportions constant, a change of size will almost inevitably 
upset the balance from a mechanical point of view. 
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So far, we have been considering the relation between 
form and size, how the form of an engineering structure or a 
living creature is dependent on its dimensions. Only 
incidentally have we referred to function. But a moment’s 
consideration shows us that questions of function are 
intimately bound up with form and size. The details of 
the form are, in fact, dictated by the mechanical function. 
But, as we have seen, certain forms are mechanically 
practicable only within certain given limits of size. It 
follows that function is Hmited by size. 

Let us consider a simple example. The characteristic 
property of birds is that they fly. Now, as we have seen 
in connection with the aeroplane, the problem of flight 
becomes more and more difficult as the size becomes very 
big. We should expect, then, that the weight of flying 
birds should be definitely limited. In point of fact, the 
heaviest bird which can really fly is the albatross, the weight 
of which is only about 30 lb. It is significant that many 
of the larger birds seem to have achieved their size only at 
the cost of abandoning wholly or partly the power of flight ; 
very obviously is this the case with the heaviest bird of all, 
the ostrich. 

At the other extreme there is evidently a lower limit 
below which the power of flight with wings begins to lose 
its especial advantages. Here we are no longer concerned 
with birds, for the lower limit to their size is probably 
conditioned by a different set of considerations. In the 
insect world, however, we find tlie power of winged flight 
continuing down to quite small sizes. Think of the dragon- 
fly, the bee, the house-fly, and the midge. But evidently 
at the lower end of the scale wings arc becoming relatively 
less worth the trouble involved. Midges are happy only 
in still air ; it is hopeless for them to try to fly against a 
wind, and their small size puts them absolutely at the mercy 
of a storm if they ever venture up in one. 
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Quite a number of tbe smaller insects have actually given 
up the use of wings altogether. The flea, for example, no 
longer flies ; it jumps instead. Jumping for minute 
animals is a very efficient process : a flea can jump dozens 
of times its own height. Thus very minute living objects, 
if they take to the air at all, tend to depend on jumping or 
merely drifting or something other than the rather expensive 
device of winged flight. 

We remarked above that the lower limit to the size of 
bicds is not set by difficulties of flight. It is in fact set by 
the difficulty of keeping up a warm, constant body-tempera- 
ture, a difficulty which increases as size decreases. This 
is, of course, because coohng is a surface phenomenon and, 
as we have seen, the relative importance of surface becomes 
greater as the size is reduced. 

If the difficulty of keeping warm has placed a lower limit 
to the size of the birds, what sets the upper hmit to the 
size of insects ? The answer to this question introduces us 
to another type of function. AU animals must respire : 
that is, obtain a sufficient supply of oxygen from their 
surroundings. We are familiar with the lungs of birds and 
mammals and with the gills of fishes, but insects have 
neither gills nor lungs — ^instead, they have a system of fine 
air tubes, opening on to the surface of their bodies, and the 
air works along these tubes by the process of diffusion. 
Now gases diffuse quickly over small distances, but where 
larger distances are involved the time taken is corre- 
spondingly longer. If we made an insect bigger and bigger 
a point would be reached at which this particular method 
of respiration would be unable to maintain the necessary 
supply of air. Consequently we have no really big insects : 
the plan on which they are constructed is inherently in- 
compatible with great size. 

These are but a few examples of how the plan and 
structure of a particular variety of animal is definitely 
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limited by its size. But the principle is a general one. 
Every group of animals (or plants) has a definite range in 
size, and it is doubtful whether any member could exist 
and work efficiently very far out of this range. Thus, 
single-celled animals are practically aU microscopic, in- 
vertebrates are rarely more than a few pounds in weight, 
whilst, as we have seen, insects and birds arc strictly 
limited in their range of size. The largest land animals 
are evidently nearing their limit. The mammoth is already 
extinct and the elephant is forced into a form not specially 
elegant or efficient. 

When we come to animals which live in water, we find 
that considerably greater sizes are attained. Whales may 
reach a hundred tons (as compared with the five or six tons 
of a large elephant), for here the eiiect of weight is to a 
large extent neutralised by the buoying action of the 
water. However, even the largest monsters, living or 
extinct, are never more than perhaps one or two hundred 
tons and the relatively small number of lands of such 
enormous beings shows that they are not very efficient 
forms of hfe. 

It would seem, then, that there is an upper limit to tlie 
size of all living things. Equally clearly there must be a 
lower limit. The smallest structures coraposcvl out of 
atoms are the compounds of inorganic and mganic 
chemistry. Perhaps the smallest things we can with 
certainty call hving are the more minute forms of bacteria, 
certain forms too minute to be seen with even a very 
powerful microscope. But the weight of one of these 
bacteria is perhaps a million times that of a simple inorganic 
molecule. The largest living things arc about one million 
million milhon million (one quadrillion) times as great as 
these ultramicroscopic bacteria. Life is a phenomenon 
which would seem to be hmited to this range in size — a 
range which is certainly a very wide one, but nevertheless 
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only a comparatively small fraction of the total range of 
known things. 

At this point it may be useful to tarry for a moment 
in order to try to see this question of magnitude in some 
land of perspective. The very big and the very small are 
equally outside our powers of direct perception. It is not 
easy to retain a sense of proportion when dealing with the 
size of the electron or the distances of inter-steUar space. 
The huge figures which represent the number of atoms in a 
jug of beer or the distance of the nearest star mean nothing 
to us in terms of things with which we are famihar, for 
our direct, everyday experience ranges from objects lilce 
specks of dust and filaments of hair, to railway journeys or 
perhaps ocean voyages. From this direct appreciation of 
space as something we work in and move through, we extra- 
polate, partly by imagination but more by arithmetic and 
mathematics, until we have a presumably true but yet 
ghostly notion of that larger and more mysterious universe 
which science has brought within our ken. Perhaps we 
can never feel quite at home in this roomy edifice ; but 
by the help of analogies and, above all, by trying to keep 
a sense of relative values, of proportion, we do our best to 
make ourselves mentally comfortable. 

One of the common devices for making a complicated 
group of facts look simple is to arrange them pictorially 
on a graph or according to some kind of scale. The pictures 
so obtained give a sort of concrete reality to relationsliips 
previously thought of only in somewhat vague and abstract 
terms. We want, then, to arrange all our objects on a 
scale according to their size, from the smallest laiown 
particles of matter, protons and electrons, on the one hand, 
to the whole universe on the other. Now, from what we 
have said above, this scale must be such as to bring out 
clearly one thing, the relative proportion of one object to 
another. This can be done quite simply by 
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that the distance apart of any two objects on the scale 
corresponds to the ratio of their sizes. Thus, if some 
particular point represents the weight of one egg and a 
point one inch along represents ten eggs, then a point 
two inches from the first would represent one hundred eggs, 
and one thousand eggs would be denoted by a point one inch 
still further on. The salient characteristic of the scale is 
that one inch of it always corresponds to a ten-fold increase. 
(Of course, we might have chosen two-fold jumps or indeed 
any other as our basis ; the choice of ten-fold is arbitrary, 
but happens to suit our present purposes.) 

It is convenient to select as our unit of weight not an egg 
or even a pound weight, but the weight of one proton, the 
unit charge of positive electricity. This is practically the 
same as the weight of one hydrogen atom, for the latter 
consists simply of one positive unit charge and a negative 
one, that is, a proton and an electron, and the weight of 
the electron is only about one two-thousandth of that of a 
proton, and so is almost negligible in comparison. Now, 
all matter may be regarded as built up of approximately 
equal numbers of protons and electrons, so that tlie weight 
of any object in terms of the proton as the unit is practically 
equal to the number of protons it contains.’- The weight, 
then, of a single proton (or a hydrogen atom), we may 
represent by zero on our scale (Fig. 2) and of ten protons 
by the point 1 ; the point 2 represents 100 protons, the 
point 3, 1,000 protons, and so on. Ascending tlie scale 
by one corresponds to multiplying the number of protons 
by ten. Thus the point 0 corresponds to 10^ or one million 
protons. A red blood cell contains about one hundred 
million million, or !()'•’, protons, so that its size will be 
represented by the point 14 on the scale ; whilst a cupful 
of water has in it about one million million million million, 


1 For this purpose tlie neutron may be n'garded as one proton and 
one electron. 
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nebular systems by practically empty space. There is no 
evidence of any such large-scale organisation of these 
myriads of nebulae. They seem to form one system of 
incredibly huge dimensions. Millions of them can be seen 
by means of a powerful telescope and with each increase 
in the range of our instruments swarms of new ones come 
into view. But however vast this system of nebulae may 
he, there is reason to believe that it is not infinite, but 
that the number of individual nebulae is strictly limited, 
even though it is very gi-eat. It is probable that the 
aggregate of these nebulae constitutes our whole universe 
and it has even been found possible to form an estimate of 
the total weight. Eddington has been led to the con- 
clusion that there are about lO'^s particles in the whole 
universe : that is to say, the weight of the universe will bo 
about 10'^^ times that of a single hydrogen atom or proton. 
This is an unimaginably great number, but it is quite simply 
represented on our scale. We merely insert an entry at 
point 78 and mark it “the whole universe.” As this 
must needs be the upper limit, the scale will run from 
the point 0 to the point 78. Within this range every object 
in the universe, and indeed the whole universe itself, can 
be represented — with the exception of the el(!ctron, for 
which the scale must be extended four units in the negative 
direction. 

In Fig. 2 we have placed various objects in approxi- 
mately their correct positions. Up to about the point JO 
or 12 we have atoms and molecules and various kinds of 
colloidal or sub-microscopic particles. Living cells appear 
at point 10, and between this and point ^13 are located all the 
different plant and animal organisms, each according to 
its size. Above point 33 the entries become less and less 
crowded together — not that the number of individual 
objects of the land in question is necessarily less, but rather 
that they are more uniform in type. In fact, they are less 
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and less organised and so less differentiated from each other. 
Thus the thousands of millions of stars can be classified into 
a few types, but amongst living beings on earth, perhaps in 
numbers comparable with the stars in the Milky Way, we 
have at least hundreds of thousands of different species. 
At the lower end of the scale, again, the possibilities of 
complex organisation are evidently restricted, this time 
simply on account of the small number of units involved. 
With two protons and two electrons, for instance, there 
would seem to be only two stable possibilities : one is 
the molecule of ordinary hydrogen and the other is the 
atom of an element, discovered a few years ago, called 
“ heavy hydrogen ” or “ deuterium ”. As we increase the 
number of units in a system its possible complexity and the 
number of distinct configurations which it may assume 
rapidly increase. They have become staggeringly great 
when the system is of the size at which organised life is just 
possible. Over the range 8 to 33, on our scale, we continue 
to encounter all kinds of examples of this power of matter 
to organise itself in highly complex aggregates exhibiting 
that pecuhar stabiHty and persistence so characteristic of 
life. But the only objects we know of above point 33 are 
aU of a different type, unorganised and without individuality. 
Life is pecuhar to a limited portion in our “ mass spectrum ” 
of the universe. 

We may find it profitable to examine this scale a little 
more closely. A similar basis of measurement, that is to 
say, the use of a “ logarithmic ” scale, has been found of 
great service m many fields of activity. Thus tlie as- 
tronomer measures the brightness of stars in terms of a 
scale which is really of this type, though somewhat disguised, 
as his units are chosen rather differently. The wireless 
enthusiast measures the strength of the sound produced 
by his loud-speaker in “decibels.” He too is using a 
logarithmic scale, in this case one very similar to our own, 
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except that ten units instead of one correspond to a ten- 
fold increase in the energy of the sound. The great 
advantage of these scales for the recording of visual and 
aural impressions is that they correspond to an important 
physiological fact, namely, that alteration of the intensity 
of a sense impression by, let us say, 10 per cent, has about 
the same apparent effect on our consciousness whatever 
may be the initial intensity of the impression. Thus if in 
very dim light we are just able to perceive a 10 per cent, 
change in intensity, then we shall also just detect a 10 per 
cent, change in intensity in the case of a much brighter 
light. This principle holds only very approximately, but 
it is sufficiently true to be of a great practical importance. 
It means that, on the logarithmic scale, equal intervals 
correspond to changes in sense impression which wc should 
judge as being of equal value. To the unsophisticated 
observer the change from a star of the first magnitude to 
one of the second magnitude appears roughly the same as 
the change from one of the second to one of the third. 
Wherever ratios are of importance the logarithmic scale is 
likely to be of the greatest utility. 

Reverting now to our scale of sizes, let us see how it 
helps us to keep a sense of perspective in dealing with 
objects of very different magnitudes. Let us fix our atten- 
tion on four points at approximately equal intervals : an 
amoeba (15-5), a flea (21), a rat (26-5), and a whale (32). 
These are separated by intervals of 5-J- units ; this means 
that each is about 300,000 times as heavy as the im- 
mediately preceding one. We see that the flea would 
look to the amoeba much as the whale looks to the rat. 
Again, as the distance from the amoeba, a typical single 
cell, to the whale is about 18 units, there must be about 
10^8 cells in a whale (considerably more than the number 
of atoms in a cell). Or, again, the rat at point 26-5 is just 
about half way between the hydrogen atom at point 0 and 
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the whole world at point 52. This means that if the rat 
were magnified to become the size of the world, the hydrogen 
atoms in it would have grown to the size of the original rat. 
Plate 1 contains a series of objects separated from each 
other by 12 units on the scale ; that is to say each of 
them is a million million times as great as the following one. 

Man appears at point 29 of the scale, and the range of 
his immediate experience of the universe, it may be 
observed, is limited to a relatively small distance on either 
side of this point. Of the very big and the very small he 
has no direct experience ; he can only deduce their size 
by indirect and sometimes highly compbcated reasoning. 
The stars and even the sun and moon are thought of by an 
unsophisticated primitive man as existing perhaps in a 
curtain or canopy a few miles above his head. The world, 
or rather that fraction of the surface over which he can 
roam, determines the upper limit of his conceptions of size. 
Similarly he cannot conceive of anything less than a speck 
of dust or a grain of sand. In other words, our immediate 
appreciation of space and matter reaches from about point 
20 to about point 40, which is roughly a quarter of the total 
range of the scale. The very great and the very small are 
strange to us ; we have no direct knowledge of their 
properties. Being acquainted with them only at second 
hand, we cannot comprehend them except by a pecubar and 
perhaps self-deceptive effort of the imagination ; we arc 
never really at home in these queer places. 

In recent years it has become clear that these strange 
lands of the very big and the very small are really much 
stranger than anyone had guessed a quarter of a century 
ago. On the very big scale, space is no longer the land of 
thing we intuitively conceive it to be ; it is intrinsically 
curved, and the universe as a whole resembles the surface 
of a sphere rather than a flat sheet of paper. In the world 
of protons and electrons, on the other hand, the very idea of 
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space becomes of doubtful validity. Precise location of 
these objects, it would seem, is not always possible. We 
can represent these fundamental entities by mathematical 
symbols and deduce their properties from fundamental 
laws, though real intuitive appreciation of them appears 
to be beyond us. 

But we also meet other interesting changes as we traverse 
the scale. At the bottom end, in the region of atomic 
dimensions, it is the electrical forces which are all-important. 
Gravitation is almost wholly negligible in comparison. 
The electrical force, for example, between a proton and an 
electron is 10 — a thousand milhon million milhon million 
million milhon — times the gravitational force, and so it is 
the former which regulates the “ planetary system ” of the 
atom. But in the real planetary system of the sun things 
are very dih'erent. It is gravitation almost exclusively 
which governs the planets in their courses, and even the 
sun itself in its motion through the Milky Way ; for the 
sun, under the aggregate attraction of all the other stars 
in the galaxy, sweeps along in the vast orbit which it takes 
thousands of millions of years to complete. And at the 
upper end of the scale, in the world of the nebulae, the 
distances are so vast that the effect even of gravitation 
becomes negligible and the curvature of space is the 
dominating influence. The distant nebulae would doubt- 
less be r(!ccding a little less quickdy, the universe would be 
expamding somewlnit less rapidly, if the constraining effect 
of gravitational forces were removed, but on this grand 
scale it is the inherent properties of the cosmos that count 
rather than the character of the matter which it may 
contain. To the tortoise, crawhng aboxit in the garden, 
a smah rockery may present an almost insurmountable 
obstacle : the engineer planning a railway line is concerned 
mainly with the broad contour of mountain and valley : 
but for Marconi, wishing to bridge the Atlantic by wireless, 
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the principle consideration was the curvature of the earth ; 
for his purpose the details of topography could safely be 
neglected. 

But between the region of atoms on the one hand and of 
solar and stellar systems on the other, there is a broad 
intermediate zone (roughly between points 10 and 40) 
where electrical forces and gravitational forces meet each 
other on approximately level terms. 

It is with this strip that we are most directly familiar, 
for the life of each of us begins at a size corresponding to 
point 16 on the scale and finishes at about 28 or 29. Here 
it is that we live and work, and play our httle part upon the 
stage. Of all the features of this intermediate region the 
most interesting and characteristic, and at the same time 
the most mysterious, is undoubtedly the phenomenon of 
life. AVe want to understand how living things are related 
to the rest of the universe ; how they are constructed, how 
they work ; and how far, in their intermediate position 
between the very big and the very small, they owe their 
remarkable properties to the fact that they are able to 
make the best of both worlds. 

Already in our discussion of the effect of size on form and 
function, we have remarked on the great importance of 
the ratio of surface to volume, and on the fact that as size 
decreases those forces which depend on surface or cross- 
section become ever more decisive in their effects. This 
principle holds not only for a series of structures of the 
same type ; it applies broadly to the universe as a whole 
—at least over a wide range in our scale. For really large 
things, such as the sun or the earth, the surface forces are 
practically neghgible. In the case of ordinary large 
animals or plants surface is perhaps more often deficient 
rather than over-abundant— plants, for instance, have to 
enlarge their surface specially in the form of leaves to 
enable them to absorb sufficient energy from the sunlight 
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to meet their needs. It is when we come to objects of the 
dimensions of a single cell — ^below point 16 on our scale — 
that we begin to find surface effects playing a really 
important role. 

But this increasing importance of surface cannot go on 
right down to the point 0. For in the region of single 
atoms and molecules the idea of surface is not relevant. 
An atom of hydrogen or a molecule of carbon dioxide has no 
surface in the usual sense, any more than the solar system 
can be said to have a surface. 

Evidently, then, there is a range in our scale over which 
surface is of special importance. This range, from perhaps 
point 5 to point 10, is the home of the “ colloids.” Here 
behaviour is dominated by the great importance of surface 
and of the forces associated with surfaces. So peculiar 
are the phenomena which come to hght in this region, the 
region between atoms and molecules on the one hand and 
ordinary microscopic objects on the other — the world, as it 
has been called, of neglected dimensions — that a special 
science has been called into existence to deal with it. This 
is the science of colloidal chemistry, and its proper develop- 
ment is obviously essential if we are ever to advance far 
in our understanding of the phenomena of life. We are all 
essentially bundles of colloids soaked with water and 
strung round a bony framework to give form and support. 
It is amongst the colloids that wc reach perhaps the most 
complex phenomena of the inorganic world ; it is significant 
that it is in the colloidal range somewhere between points 6 
and 9 that the phenomena characteristic of life first appear. 

In order to appreciate the peculiar significance of this 
region, it is well at this point to make a rapid survey of the 
scale as a whole. Starting at bottom, we pass through the 
region of atoms and simple molecules, and then on to 
compounds of ever-increasing molecular size. Insensibly 
we enter into the domain of the colloids, and it is at this 
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point that the great bifurcation occurs (see Fig. 3). Along 
the mairi route we are aheady beyond the point of greatest 
complexity. Sand-grains, rocks, planets, and even stars, 
these present problems difficult enough in all truth, but 



Fig. 3. — Illustrating the relation between animate and inanimate 
worlds. The same type of scale is used as in Fig. 2. 


they are of a lower order of complexity than those which 
would be involved in the complete description of a protein 
molecule. The fact is that , along this main branch , increase 
in size does not involve increase in organisation, but rather 
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the contrary. The behaviour of these large objects is 
usually not dependent on their detailed structure. If a 
boulder ‘weighing a ton falls on your head it does not 
matter much whether it is made of granite or sandstone. 

This main branch — the ordinary physical inorganic world 
— extends without interruption right to the top of the scale. 
But the other branch is very different. As we proceed along 
it from point 12 to point 33, we encounter phenomena 
which, broadly speaking, are of constantly increasing 
complexity. Here we have objects which grow and 
reproduce their like. They react to their environment in 
a characteristic fashion, protecting themselves against 
harmful influences and attempting to complete their 
natural development in spite of all adverse circumstances. 
They show what looks like spontaneous activity, and as 
we go up the scale the spontaneous movements become 
more obviously directed to specific aims. And so we find 
emerging the phenomena of emotion and will and thought, 
in the lower animals in only rudimentary forms, but in 
man as a prominent and characteristic feature. But this 
branch series soon comes to an end ; for sizes much above 
30, it would seem, are incompatible with the strange kind 
of organisation we call life. 

In our scale then we have a picture of the whole universe, 
both physical and biological. What do we know about it 
in detail ? How arc the phenomena characteristic of ihc 
branched scries, the phenomena of life, related to the 
properties of the inorganic world ? What, indeed, is life ? 
It would be futile to hope for a complete answer to these 
questions. Science has made great strides, but it can still 
perceive things only through a glass, darkly. We may 
hope for a clearer light, but are we sure that even with the 
best illumination we should be able to see all we should 
like ? The scientific method has yielded much — but it 
may have limitations. Before proceeding to the discussion 
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of various special aspects of the structure and behaviour of 
living things, let us consider the broader aspects of the 
question. Let us enquire what the scientific method really 
is, what sort of purpose it may be expected to fulfil, what 
kind of question it can answer. 
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THE SCIENTIST TAKES A SAMPLE 

Amongst our friends and acquaintances, there are some 
whose views we regard as eminently sound and reliable, 
and others we consider untrustworthy in their judgment. 
We are, of course, aware that the “ sound ” person is not 
always correct, nor is the other invariably wrong. We 
cannot guarantee beforehand the rightness or wrongness 
of any particular statement which may be made by either. 
What we can guarantee is that of all the statements made 
by the reliable man, a large proportion will be correct; 
whilst of those made by the unrehable one, a large pro- 
portion will be wrong. We may imagine that the former 
imposes on himself some rule which ensures that not more 
than, say, 1 per cent, of his statements will be wrong. His 
statements may then be said to have a reliability, or, to 
employ a useful expression, a “ confidence value,” of 99 per 
cent. 

This idea of the “ confidence value ” of a class of state- 
ments is of the greatest importance both in theory and in 
practice. A confidence value of 100 per cent, would, of 
course, mean absolute certainty. But in making our 
decisions regarding those things which really matter in 
life, as well as about those which do not, the data we have 
on which to base them rarely have confidence values of 
100 per cent. And so it is even in the realm of science. 
We want the confidence values of all our statements to be 
as high as possible, but absolute certainty is rarely, if ever, 
attained — at least where precise and definite statements 
are concerned. 
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This brings us to the consideration of the other essential 
feature of a statement, namely, its meaning or, more 
precisely, its content. It is quite clear that it is not 
difficult to ensure that all our statements may have a 
confidence value of 100 per cent, if we make them suffi- 
ciently vague and indefinite. We may, for instance, say 
that a fly weighs less than 1 lb. or that the English Channel 
is between five and one hundred miles wide, and he quite 
sure that we are absolutely correct ; but we are also saying 
nothing useful. The more precise we make our state- 
ments, as for example by narrowing the hmits within 
which we assert the weight of the fly or the width of the 
Channel to lie, the less confidence can we attach to them, 
until finally if we make the absolutely definite statement 
that the E nglis h Channel is exactly twenty miles wide, we 
may be practically certain that the statement is wrong. It 
will thus be seen that there is a definite antagonism between 
the content of the statement and its reliability. 

In science, we want statements with the highest possible 
content and the highest possible reliabihty. But the more 
we have of the one, the more difficult does it become to keep 
the other. We can have both butter and jam, but the 
bigger the share of butter, the smaller our portion of jam. 
It is the business of science to maximise both content and 
reliabihty, and so, as it were, to have the best of both 
worlds. Scientific method may be regarded as a technique 
for achieving this object. 

Let us look at this conflict between content and reliabihty 
a httle more closely. In order that a statement should have 
high content, it is necessary that it should be capable of 
some kind of general apphcation and that its meaning 
should be precise and quantitative. Thus we may regard 
the statement of the law of gravitation as possessing high 
content. This law states the force with which any one 
piece of matter in the universe attracts any other. It is 
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universal iu its application, and is precise and accurate in 
a quantitative sense. 

Now, as was quite natural, the earliest discoveries in the 
development of modern science referred to inorganic nature. 
They dealt with the movements of the planets and the 
properties of matter. The conclusions arrived at possess 
wide applicability almost automatically. What is true for 
one piece of copper or one sample of pure water is pre- 
sumably true of all others — ^provided that attention has 
been concentrated on essential and not accidental features 
of the piece of matter in question : the shape of the water 
in a bucket is obviously not a property of the water but of 
the bucket. In these circumstances, the chief errors which 
arise are those due to careless observation and inaccurate 
measurement. It is therefore hot surprising that in the 
early development of science, and indeed in physical science 
generally, prominence should have been given to this type 
of inaccuracy. To deal with it in a systematic way 
mathematicians developed the theory of Errors of Measure- 
ment. This recognised the essential inaccuracy of all 
quantitative observations, and its object was to maximise 
the reliability of conclusions based on such imperfect 
data. 

But with the growth of the biological sciences, a new type 
of error has come to the forefront. If we want to Icnow 
the effect of insulin on the rabbit, the only practical method 
is to administer it to a few rabbits and observe the result. 
In other words, we take a sample of the whole population 
of rabbits and, on the assmnption that this sample does, 
in fact, fairly represent the whole population, we form our 
conclusion about the effect of insulin on rabbits in general. 
But we know quite well that all rabbits are not alike. It 
is possible that all our experimental rabbits might by 
chance have been abnormal ones. Our conclusion might, 
in consequence, be quite wrong and valueless when extended 
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to the whole population. Thus we reach the idea, very 
important in biology, of the “ Error of Sampling.” 

It is to he noted that this Error of Sampling is essentially 
connected with the desirability of making statements of 
wide apphcahihty. It does not arise at all if we word our 
statement so as to refer to the sample actually observed, 
though such a statement would usually possess little or no 
interest or value, unless our “ sample ” amounted to 
practically the whole population. But, in practice, this 
method of eliminating the Error of SampHng is usually 
quite impossible, for we cannot coUect all the rabbits in the 
world so as to test the substance on them. 

We are thus on the horns of a dilemma. Large samples 
are impracticable, small ones may not be representative. 
The best we can do is to make the samples as large as 
possible, and then try to find by what method we can 
extract from them the maximum amount of information 
about the population as a whole. Clearly, a theory of 
sampling is required, analogous to the theory of Errors of 
Measurement already referred to. This theory should 
teU us how to make statements, based on the sample, 
about the general population — statements having the 
maximum content compatible with a given degree of 
rehability. 

Let us note, first of all, that the whole problem of 
samphng arises because the individual rabbits are not all 
absolutely identical with each other, and, secondly, that 
what we are interested in and want to make statements 
about is not any iudividual rabbit but the whole population 
of rabbits. Now, whereas in respect of one character an 
individual is described by a single measurement (if the 
character be quantitative, e.g. weight) or by a single 
adjective (if it be qualitative, e.g. colour of hair), in the 
case of a population it is different. Here a single character 
gives rise to a “ frequency distribution.” It is worth while 
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spending a Kttle time so that we may understand exactly 
what this expression means. 

Let us suppose that we are interested in the height of 
men hving in England. If we take up a book of reference 
which gives us information on this subject, we may expect 
to find a statement of the average or mean height, which 
might, for instance, be 6 ft. 7 in. “ Mean height ” is a very 
important character; but we know, of course, that all 
Englishmen are not even approximately 5 ft. 7 in. Some 
are taller, some shorter than the average. There will 
doubtless be more individuals with heights between 5 ft. 
6 in. and 5 ft. 8 in. than between 5 ft. 4 in. and 5 ft. G in. 
or between 5 ft. 8 in. and 5 ft. 10 in. There will be very 
few dwarfs and very few giants. We might, in fact, give 
a pictorial representation of the state of affairs by means 
of a diagram such as that shown in Fig. 4. The horizontal 
line or axis represents height and is divided into equal units 
each corresponding to two inches. On each two-inch unit 
as base we may draw a rectangle, the area of which is 
proportional to the number of men whose heights lie within 
the particular two inches in question. We thus obtain a 
step-hke curve which is very low at its extreme ends and 
is highest over the range of 5 ft. 6 in. to 5 ft. 8 in. 

We might, however, have two populations both with the 
same average height, but characterised by quite different 
“frequency charts.” The chart might, for instance, in 
extreme cases look like that shown in Pig. 5 or in Fig. C. 
In one case the heights of half the population lie between 
5 ft. 6|- in. and 5 ft. 7|- in., whilst in the second case the 
corresponding figures are 4 ft. 8 in. and 6 ft. 6 in. Clearly 
in the first case (Fig. 5) the population is approximately 
homogeneous in respect of height ; in the second (Fig. G), 
the degree of variation, or “ scatter,” is very great. Thus 
the two populations, although agreeing in respect of mean 
height, differ very markedly in respect of variability. We 
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Fio. 4. 




Fig. 6. 
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see that in characterising populations it is necessary to 
state not only the average or “ mean ” but also the degree 
of variability or “scatter.” Statisticians use the word 
“ parameters ” to denote quantities such as “ mean ” and 
“ scatter ” which describe populations. Fig. 7 shows the 
“ mean ” and “ scatter ” of a population of a thousand 



Fig. 7, — Showing the “mean” and “scatter” in a population of 
1,000 rabbits, in respect of blood- sugar concentration. 

(From data collected by E. L. Scott, J. BioL Chem.) 

rabbits in respect not of height but of the concentration of 
sugar in the blood. 

We are now in a position to give a more exact statement 
of the problem met with in biology. We have to make 
our observations and measurements on a sample — often a 
small sample — of the whole population. This sample will 
have a certain “ mean ” and a certain “ scatter.” But, 
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clearly, it would usually be wrong to attribute to the general 
population precisely these values of “ mean ” and “ scatter,” 
for successive samples will differ ffom each other and only 
occasionally will their means and “ scatters ” agree even 
approximately with the corresponding parameters of the 
general' population. At the same time, it is clear that the 
sample would tell us something about the general popula- 
tion. Common sense and common experience assure us 
of this. In everyday life, we dre constantly, with more or 
less success, making judgments based on samples. The 
scientific problem is to find a definite rule according to 
which statements possessing a certain degree of reliability, 
or confidence value, can be made, foom a sample, about the 
general population. 

This is the problem as it confronts the biologist or the 
biochemist or the psychologist, or any scientist who studies 
living beings. But in reahty it is ofily a special case of the 
general problem of science. We all know of the two logical 
methods of induction and deduction. In deductive logic 
we are given the general principles and from these we 
deduce particular cases. When we employ induction we 
start with particular cases, particular facts of observation, 
and &om these attempt to arrive at general principles. 
One characteristic feature of modern science is its systematic 
exploitation of the inductive method. Of course, the 
scientist has not an exclusive monopoly of this technique. 
Indeed, every one of us, almost from our first moment of 
consciousness, instinctively draws general conclusions from 
the few facts of his experience. Having once, or perhaps 
twice, found that fire is hot and burns, he will assume that 
every fire or indeed anything that looks like a fire is hot ' 
and will bum. But much of the inductive knowledge so 
built up is unsystematic, fragmentary, and often erroneous. 
The peculiarity of science is its insistent demand for 
accuracy as well as generahty. 
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The problem of obtaining knowledge about the whole 
population from the study of a sample is, then, only a 
special case of induction, but it is a case of pecuhar interest, 
for here the problem, being a precise numerical one, can 
be treated mathematically. It was Professor R. A. Fisher, 
then statistician to the Rothamstead Agricultural Research 
Station, who first saw the Hght in this difi&cult field,' and a 
few years ago gave a solution of the problem for certain 
special cases. His work has given us a rule or formula for 
making definite statements about the general population 
on the basis of a sample of that population. The rule can 
be so modified that the statements possess any required 
degree of reliabihty — ^that is to say, so that any pre- 
determined percentage of them are inevitably correct. Of 
course, the higher the rehability demanded the vaguer the 
statements necessarily become. 

The great significance of this work, apart from its 
special importance as a fundamental advance in the theory 
and practice of statistics, lies in the fact that it sheds a 
flood of light on scientific method and the nature of scientific 
knowledge in general. This clear-cut, concrete, numerical 
problem illustrates exactly the objects for which in science 
we are always striving. 

One point calls for a short explanation. We have 
remarked that in ordinary physical experiments the chief 
errors which occur are errors of observation and measure- 
ment, whereas when we deal with biological problems we 
at once encounter a new source of error, the error of 
sampling. But it should not be forgotten that errors of 
observation and measurement still persist in biology, and 
are often, in fact, quite large as compared with those met 
with in most physical problems. The point is that we have 
a samphng error in addition. These two types of errors 
win combine with each other to decrease the content or 
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by tbe esj)ejiditure of time and money, by care in tbe design 
of the experiment, and by thought and skill in interpreting 
the results. The sampling error requires a treatment which 
is different in detail but not fundamentally new. 

So far we have been discussing populations as aggregates 
of individuals. Now a human population is characterised 
by quite a large number of important features. Some 
refer to the physical build of the individuals, the average 
height, average weight, etc. ; and there is another group of 
characters which is of great importance : rates of various 
kinds, such as the birth rate or death rate. It is easy to 
appreciate that, from a sociological or anthropological point 
of view, these somewhat abstract population characters are 
far more important than any particular observations re- 
ferring only to a relatively small number of individuals. 
With their help we can say something about all the 
individuals in the population. And these population 
indices have another important property: they are, in 
general, much more stable than individual characteristics. 
For example, it is extremely unlikely that the birth rates, 
or death rates, for England and Wales will be very different 
during the next twelve months from what they were last 
year. Now, it is quite clear that we cannot, in general, 
predict who will die or who will bear children. We cannot 
distmguish between the individuals ; we can only say how 
many of them will behave in a particular way and how many 
will not. As individuals we are relatively free, as a com- 
munity we are, to a very much greater extent, under the 
rule of a predestined fate. 

Almost inevitably, at least five thousand people will die 
next year in Great Britain as the result of road accidents. 
But, although certain of our acquaintances may seem more 
likely than others to be numbered amongst these un- 
fortunates, we cannot prophesy with certainty what will be 
the fate of any single person. 
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This relative permanence of population characters, as 
distinct from those of individuals, gives them a special 
interest and significance. Further, it confers upon the 
population as a whole a kind of reality as a separate entity, 
composed of, hut in a sense distinct from, the individuals 
in it. We can, in fact, regard the population as a unit 
characterised by certain features or “parameters.” It 
grows or contracts according to its birth rate and death 
rate. It is like a gas composed of a large number of 
separate molecules : these molecules as individuals are 
outside our direct experience, but collectively they are 
responsible for the pressure, density, and temperature of 
the gas. And just as we can learn much of value about the 
gas by treating it as a continuous fluid, completely 
neglecting the individual molecules, so we can study 
populations as entities in themselves. 

Though the study of populations is stiU in its infancy, 
yet in some ways it is essentially simpler than the study of 
individuals. The relation between the two is analogous to 
that between molecular physics and the study of the 
properties of matter in bulk. Physical and chemical 
science had to work at the latter for over three hundred 
years before it was in a position to tackle the former. 
If men were themselves the size of molecules, t hing s might 
have been different. Similarly, if we were supermen to 
whom a thousand years were as one day and the whole 
world a speck of dust, the study of biology would doubtless 
have begun with populations in the mass — ^just as the 
bacteriologist began the study of microbes by working not 
with single cells but with whole colonies of germs growing 
together in bulk. Only after much trouble and travail 
would it have dawned on us that individuals did exist, and 
that the population was in reality an aggregate of in- 
dividuals. Much depends on the scale and the perspective. 

But, it may be urged, is not this idea of a population as 
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an independent entity rather an unreal abstraction, an 
artificial creation postulated simply for our convenience ? 
This cannot be denied, but it is equally true of many other 
scientific concepts. A solid is in reality largely empty 
space, a fluid is not a continuous, uniform medium. 
Science, hke common sense, is essentially empiric in her 
methods. Simplifying assumptions have always to be 
made, and she seizes upon whatever gives promise of 
working. A complete description even of a drop of water 
would be so complicated as to be incomprehensible and 
useless. The important thing is to seize upon the essential 
and imiversal features of the object in question. Common 
sense and intuition must be used, but again only as a means 
to an end. Once the important features have been 
guessed, a simphfied model can be constructed, its behaviour 
can be worked out, and defirdte predictions made. If the 
results so deduced agree with the properties of the original 
object, even approximately, then we feel more confident 
that we are on the right lines and that our guess has been 
a good one. Discrepancies may suggest modifications and 
refinements, which again will be tested by experiment and 
observation. And so the scientific framework of know- 
ledge is slowly and sometimes painfully constructed, and 
the scafioldings of bad guesses and provisional hypotheses 
are, one by one, discarded and forgotten. 

But, at the best, the scientist’s world is to a large extent 
an ideal world full of unreahties, or, we might say, full of 
half truths ; though we hope at least they are the im- 
portant halves — ^that they contain the essential points. 
And so, although populations are undeniably only aggre- 
gates of individuals, their characters do prove to be 
important, and the science of populations is an essential 
section of biological knowledge. 

A warning, however, is necessary. Population character- 
istics are extremely useful abstractions, but it must always 
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be remembered tliat they give us statistical information 
only, and that they need not apply to any specilic hulividuai. 
It is an extremely common weakness of the human mind to 
overlook this distinction, and especially is this so in relation 
to human popidations. Some one proves or imagines he 
has proved, let us suppose, that negroes a, re inferior in 
ability, on the average, to Europeans. This is a statistical 
conclusion, and does not necessarily apply to negroes and 
Europeans individually. And yet on the strength of it 
many a European would feel justified in assuming personally 
a superior attitude towards some particular negro, who, for 
all he knew to the contrary, might in fact be much his 
superior. 

A similar fallacy lies at the base of most aristocratic 
theories of politics. It is true, on the average, that gifted 
parents have gifted children. Ability, hke physical 
stature, is in some measure a heritable character ; but this 
fact is in itself no justification for the existence of a 
hereditary governing class or privileged caste. Neverthe- 
less it is not infrequently advanced as an excuse for the 
gross educational and social inequalities which are so 
obvious a feature of the world to-day. Thus, grave in- 
justice may result from the failure to realise just what an 
average really is, and to remember that individuals in a 
population may vary widely from the average or mean. 
Proper appreciation of the true significance of statistical 
ideas is not only of academic, but also of practical im- 
portance. 

Our discussion of the methods and aims of modern 
science has shown us that in spite of much diversity in the 
objects studied, there is a very real uniformity as far as 
the underlying principles are concerned. The purpose is 
to formulate statements of fact or, wo might say, to draw 
a picture of nature, with maximum content and of maximum 
reliability. This holds whether the methods employed are 
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THE SCIENTIST TAKES A SAMPLE 
qualitative or quantitative, whetlier th.e subject of study be 
inorganic nature or populations of Kving beings. Truth is 
commonly thought of as the goal of science. That it is 
very important cannot be denied, but, as we have seen, 
truth alone is not enough. The statements we make, the 
conclusions we come to must have precision and general 
apphcation as well as truth. When the resources available 
are limited we must, in general, make our choice between 
content and rehability. With increased expenditure of 
time and labour it is usually possible to^ increase both 
factors. It is tempting to assume that with indefinitely 
large resources we could arrive at statements always true 
and completely precise and general ; in other words, that 
absolute truth does exist. We shaU enquire into this 
question in the next chapter, and in doing so shall find 
that Absolute Truth, like so many ideals of the past, turns 
out to be a will-o’-the-wisp. 
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CHAPTER III 


WHAT IS TRUTH? 

Let us suppose that you are required to state your weight 
on some form which you happen to be filling up. If you 
have not been recently weighed, you will probably go to 
the nearest railway station or chemist’s shop, mount a 
weighing machine, drop your penny into the slot, and read 
the weight indicated on the dial by the pointer. This you 
will consider to be sufficiently accurate for the purpose in 
question. You will be aware that the result so obtained 
is subject to certain errors, but these errors you will not 
usually stop to consider in detail. However, let us examine 
them more carefully. 

Of the errors which arise in the operation of weighing, 
some are obviously referable to the weighing machine ; 
others, however, arise from the nature of the object weighed. 
Thus in the case of finding your weight, it is likely that the 
greatest error would arise from the fact that you wear 
clothing. A little extra trouble would, of course, easily get 
rid of this error ; you would either remove the clothing 
before weighing or else weigh it separately afterwards. You 
would not, however, even yet be in a position to state your 
weight with precision. Your body would probably be 
covered with a thin film-of moisture which could in no way 
really be considered part of the body itself. This film 
would therefore have to be removed or in some way allowed 
for. Clearly, too, jbhe result would depend upon whether 
or not you had recently eaten a meal. You might decide 
to carry out the weighing after fasting for a certain length 
of time, but this would not remove all the difficulty, for 
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tlie weight will be to some extent dependent upon the state 
of your finger-nails and the length of your hair. It becomes 
quite an arbitrary matter as to what set of conditions is 
chosen. 

In fact, the notion of the weight of a living body, though 
quite real when only an approximate value is in question, 
becomes less and less definite as we try to make it more 
and more precise. There is attached to it a degree of 
uncertainty which, though it may to some extent be reduced 
by precise specification, would appear to be an essential 
feature of the measurement. A httle consideration shows 
that this type of uncertainty is common to practically all 
biological observations. The temperature of an animal, 
its length, its weight, or the weight of one of its organs, 
the volume of its blood : ah these quantities, though quite 
real in an approximate sense, lose their definition whenever 
we attempt to determine them with high precision. 
Obviously the same is also true of many quantities related 
to inorganic objects, for example, the diameter of the 
earth, the height of a mountain, the length of a river. In 
fact, the difficulty is rather to find measurable quantities 
which are free from ambiguities of tliis kind. However, 
before pursuing this fine further, we shah consider the other 
element in the process of weighing, namely, the measuring 
instrument, in this case the weighing machine. 

The errors which this introduces into the result fall into 
two classes. The first consists of what may be called 
systematic errors: errors such as may result from the 
scale on the machine being wrongly marked, and which are 
therefore not ehminated by repetition of the measurement. 
Errors of tins kind, though important in practice, need not 
detain us here, for they can be ehminated by removing the 
object from the machine and replacing it by standard 
weights of various sizes, thus in effect recahbrating the 
machine. The same considerations would hold if the 
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balance were of tbe ordinary lever type. After being 
balanced by means of suitable weights tbe object could 
be removed and replaced by standard weights sufficient to 
establish balance again. In cither case the essential process 
is to compare two objects, and the only property of the 
weighing machine that matters is its sensitivity to small 
differences. 

It is here that the second class of errors comes in. This 
class consists of the random or chance errors resulting 
from imdetermined or uncontrolled causes such as small 
fluctuations of temperature, strong draughts of air or films 
of moisture. The effect of these factors is to cause slightly 
different results to be obtained when the same two weights 
are compared on different occasions under apparently the 
same conditions. Closely associated is the question of 
sensitiveness of the balance. Assuming that the reading 
is made by looking at a pointer, Ave perceive that however 
accurate our eyesight or however much the pointer may be 
magnified, no significance can be attached to variations in 
the pointer readings unless these are larger in size than those 
resulting from the random errors. Thus if the random 
errors cause variations n the pointer reading of about one 
scale division backwards and forwards when the same 
weight is employed on different occasions, and if one pound 
additional weight causes the pointer to move approximately 
sixteen divisions, then the balance will not detect, in a 
single experiment, differences less than one or two ounces. 
If, on the other hand, one pound made a difl'erence of 
eighty divisions, the accuracy would be five times as great. 
We thus see that the accuracy depends on the sensitiveness 
of the instrument (that is, the movement of the pointer 
which results from a small increase in the weight applied) 
relative to the random variations produced by the xm- 
controllable disturbances. 

It is interesting to notice that, with a balance of a given 
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type, tlie degree of accuracy attainable depends on the time 
available to carry out the observation. After applying the 
weight the pointer usually swings about its mean position 
and so, to ascertain this latter accurately, it is necessary to 
allow time for two or three swings. Now we have seen that 
the accuracy depends on the sensitiveness relative to the 
random fluctuations of the pointer. If we imagine the 
latter to be kept constant, we may increase the sensitive- 
ness — as, for example, by raising the centre of gravity of 
the beam by means of a suitable adjustment. In this case 
the time of swing will become longer, and so the increased 
accuracy will necessitate more time for the weighing. On 
the other hand, we may keep the sensitiveness constant 
and reduce the random error by carrying out a number of 
weighings and taking the mean of the result. Again we 
purchase accuracy at the expense of time. With a given 
type of balance and a given amount of time there is a definite 
limit to the accuracy obtainable. 

Thus, in relation to the weight of a biological object, such 
as a human body or the organ of an animal, there are two 
main sources of uncertainty, the lack of precise definition 
of the object in question and the failure of the measuring 
instrument to give exact results. Of course, there is no 
necessary connection between these two factors. In 
particular instances the one might be of much greater 
importance than the other. If, however, we imagine the 
scale of things to be altered and that we are vast super- 
human beings weighing large numbers of men, or even the 
same man over and over again, on a measuring machine of 
which we did not know the accuracy, then it would clearly 
be difficult to know whether to ascribe variations in our 
results to the limitations of the machine or to a certain 
vagueness or indefiniteness in the object being weighed. 
For example, some of the men might happen to be weighed 
before breakfast and some after. Under those circum- 
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stances, we sKould only be able to ascribe weights to the 
men with an uncertainty determined by the variations in 
our actual observations. It might all be due to the error 
of the instrument, but we should not be justified in definitely 
assuming this to be so. 

If we pass from living to inanimate objects the un- 
certainty of definition still remains, but in the simplest 
cases, e.g. the weight or volume of a billiard ball, this may 
be reduced by careful specification apparently to an in- 
definitely small quantity. Similarly, by refinements of 
methods and the expenditure of time on the measurement, 
the accuracy of the observation may be made greater and 
greater. It seems natural to conclude that it could be 
made infinitely great provided that unlimited resources 
were available. 

However, it does not always follow that what can be 
done successfully up to a point can be continued indefinitely 
with equal success. Take, for example, the process of 
dividing into two. We may divide a quart of water into 
two pints and each pint into two half-pints, but if we go 
on dividing it up long enough we shall ultimately come to a 
molecule of water, and if we divide that into two, the 
product will be water no longer. Water, in fact, is not 
really continuous and uniform, though at first sight it looks 
as if it were. 

Now, modern physics has found that something similar 
happens in relation to errors of measurement. There 
would appear, in a certain sense, to be a definite limit to 
the accuracy with which a particular object can be observed ; 
this hmit is of a rather peculiar kind and is best illustrated 
by a simple example. 

If we imagine an electron as like a very small billiard 
ball, we are naturally inclined to tlunlc of it as having a 
position in space and a velocity. In order to ascertain 
these, it is necessary to employ some means for getting in 

39 



WHAT IS TRUTH? 

tOHcli with the particle. A method of communication 
must be provided between the experimenter and the 
experimental object, and the simplest and most dehcate 
instrument to employ is a ray of hght. We send out a ray 
in the direction of the particle and if it is reflected back we 
may deduce from it the position of the particle, by em- 
ploying a microscope of appropriate design. 

Now, it is a fundamental principle of optical instruments 
that high accuracy of location is possible only when light 
of short wave-length, that is of high frequency, is em- 
ployed. Consequently if we are to locate the electron with 
extreme exactness it will be necessary to use light of very 
short wave-length. We know that light is atomic just 
as matter is ; it exists in bundles or packets each of a 
particular size according to the frequency. Furthermore, 
every packet or quantum of light has a certain momentum, 
and so when the light collides with the electron it neces- 
sarily imparts to it momentum and velocity just as one 
billiard ball does when it collides with another. But light 
of high frequency is composed of quanta of very large 
momentum, and so the electron is likely to undergo a large 
change of velocity. Furthermore — and this is the essential 
point — ^the exact magnitude of this change of velocity can- 
not be calculated from the observable quantities. The 
uncertainty in the velocity therefore camiot be made less 
than that due to one quantum of the light we have chosen 
to use. The result is that the location of the particle in 
space can be determined accurately only at the expense of 
imparting an unknown change of velocity. The greater 
the accuracy attained, the greater the magnitude of this 
unknown change is likely to be. 

In an analogous way it is found that any observation by 
means of which the velocity of an electron is accurately 
determined results in a degree of uncertainty being intro- 
duced in respect of its position. Repetition of the 
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observations does not help, for each observation imparts 
a disturbance to the particle, and this offsets the informa- 
tion which the observation gives us. The result is that no 
experimental observation whatever will tell us with 
precision both the position and velocity of an electron at 
some particular instant. The more accurately we know 
the one the greater our ignorance of the other. Once 
more it is the case of the butter and the jam ; we can have 
a little of both, but the more we have of the one, the less 
there will be of the other. 

This great principle of uncertainty or indeterminacy, 
enunciated in 1927 by the famous German physicist 
Heisenberg (who was only twenty-five years old at the 
time !), appears to be fundamental in the physical universe. 
It is closely comiected with another conclusion of modern 
physics, namely, that the results which we can calculate 
with precision for any physical system are statistical 
results. Thus, if we have a large number of atoms or 
electrons, all identical with each other, within a box, the 
laws of physics as at present known allow us to calculate 
what proportion will be doing one thing and what proportion 
another at any particular instant ; we cannot predict with 
certainty what any individual atom or electron will be 
doing. If the experiment involves not a large number of 
electrons but only one, then the equations which physical 
theory provides must be interpreted in the sense of pro- 
babilities of the electron doing a, 6, or c. This means that 
if we repeat the experiment a large number of times, our 
theory tells us in what proportion of cases we shall obtain 
the results a, b, or c respectively, but we are never certain 
what the result will be in any particular experiment. The 
fact that physical theory in general gives no definite result 
for particular experiments may appear at first sight very 
sm’prising and unsatisfactory, but a little reflection shows 
that it is the natural consequence of the uncertainty 
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principle ; for, according to the latter, the initial conditions 
of the experiment can never he completely known in the 
ordinary, mechanical sense, and so the result is necessarily 
vague and unpredictable. 

It is worth while noting the curious analogy between this 
result of modern physics and the conclusions we reached 
in the last chapter whilst discussing the characters of 
populations as compared to those of individuals. Just as 
it is impossible to predict with certainty what any particular 
individual will do, so we have now found that we cannot 
predict the behaviour of individual atoms or electrons. On 
the other hand, the behaviour of whole populations is a 
much more definitely predictable matter. We can often 
say with considerable accuracy what proportion will die of 
cancer and what proportion will commit suicide. It 
becomes evident that the reason why the laws of inorganic 
nature are so much more exact than those relating to 
biological phenomena is that the former usually refer to 
entities which are themselves really populations of enormous 
size. The ordinary laws of electricity and magnetism, of 
gravitation and planetary motion, are usually applied to 
groups of electrons or atoms involving perhaps 10^4 in 
number. With these high numbers the uncertainty or 
indeterminacy still exists, but it has become very small in 
proportion to the whole. The uncertainty in the motion 
of the centre of gravity of the earth in its journey round the 
sun is finite but extremely minute and no doubt beyond all 
possibility of experimental observation. Two pieces of 
pure copper behave in apparently the same fashion when 
subjected to the same conditions because the number of 
atoms in one gram of copper is about lO^^. If we could 
obtain populations of flies or rabbits comparable to this in 
numbers, they would also behave, in the mass, with very 
constant uniformity. Even the relatively very small 
populations of which we have experience already show 
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a degree of predetermination in their behaviour quite 
foreign to the individual. We have already referred to an 
example of this in the case of road fatahties ; many other 
cases readily occur to the mind. 

Another aspect of the analogy between the living and the 
non-Hving world may be pointed out. We have seen that 
every observation made on the electron communicates to 
it a disturbance, of which the magnitude cannot be 
definitely calculated. The mere act of observation alters 
that which is observed. The same difficulty is met with in 
connection with biological and especially psychological 
observations on animals or human beings. In performing 
a mental test the individual learns something. Afterwards 
he is no longer exactly the same as he was before. Suc- 
cessive tests may give different results because the subject 
of the test is changing. Of course, devices can be em- 
ployed with the object of overcoming this difficulty, but 
these all involve the use of a number of individuals, and 
the larger the number, the more effective they are. Just 
as in the case of atoms and electrons, the laws of psychology 
are, in the last resort, statistical laws. 

But, it may be urged, these are, after aU, only analogies, 
and analogies possibly of a rather superficial kind. It may 
be rephed that our understanding of the ultimate con- 
stituents of the universe around us must perforce depend on 
analogy. We can describe the behaviour of things in 
abstract terms, by means of mathematical symbols. With 
the help of these we are enabled to make our statements of 
maximum content and of maximum reliability. But these 
statements remain strange and meaningless to us unless 
we can interpret them in some way in terms of objects with 
which we are familiar. Now, it happens that we have no 
direct appreciation of electrons in the ordinary sense. 
They are below the point zero in our scale of magnitudes, 
and our senses acquaint us directly only with objects of 
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sizes between 20 and 40. To comprebend things below 
and above this range of magnitudes at all, we must think 
of them in terms of things which lie within this range. 
The older physicists, working on a basis of Newtonian 
dynamics, got much satisfaction by devising models of 
atoms based on bilKard balls, vortices, magnets, and what 
not. All such attempts proved themselves to be un- 
satisfactory. The failure resulted from the fact that the 
mechanical systems involved were altogether of the wrong 
type : they did the wrong sort of things. The older 
physicists assumed that the electron could be specified in 
respect of its position and its velocity just like a planet and 
that its future behaviour could then be calculated in the 
same precise way. We have seen above that this is all 
wrong. The analogies employed, even as analogies, were 
not really sound ones. 

All attempts to represent the simple in terms of the 
more complex, the fundamental units in terms of the final 
product, must necessarily fail to some extent. It is like 
trying to describe bricks in terms of houses. To satisfy 
our natural craving for some concrete picture of the 
reahties which lie behind the highly abstract statements of 
modern physical science, we are forced to picture them in 
terms of things of which we have immediate knowledge. 
We have some immediate knowledge of our own thought 
and voHtion, of choice and spontaneous decision. These 
internal perceptions are quite as real as the external ones. 
If we want to form a picture, it is just as legitimate to 
incorporate the one as the other. In neither case is there 
any real explanation. In as far as this is to be found at 
all, we must expect to find it in the highly abstract mathe- 
matical equations and the other generahsed statements 
which form the essential basis of quantum mechanics. 
But when we want insight into the nature of the processes 
involved, when we want to feel that in some small measure 
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we understand them, it is just as legitimate to picture them 
in terms of spontaneity and choice as in terms of elastic 
balls and compass needles. It is ail a question as to which 
works best, and the biological notions are sometimes 
helpful when the physical ones completely fail. 

It is difficult m any discussion of the relation between 
modern physics and biology to avoid some reference to tlie 
question of the existence of free-will. We have just seen 
that from the point of view of pictorial representation the 
atom and electron may conveniently be thought of as 
exercising a certain degree of choice. Their behaviour is 
determined only in the statistical sense. This is an inter- 
pretation of the fundamental unit in terms of the more 
complex objects which form the basis of our everyday 
perceptions. But it is possible to reverse the process and 
inquire what light is shed by modern physics on the 
general nature of hving organisms. 

The dynamics developed by Newton and his successors 
asserted quite definitely that if we knew the position and 
velocity of every particle in any mechanical system at 
some particular instant of time and also aU the forces acting 
on those particles, we could calculate the behaviour of the 
system at all future times. Its history would be absolutely 
determined. 

The question at once arose as to whether hving organisms 
were systems to which this principle applied, whether, in 
fact, the behaviour of every animal — worm, mouse, or man 
— ^would be completely predictable, and therefore pre- 
determined, to a being sufficiently omniscient and able to 
perform the necessary calculations. To many minds an 
affirmative answer to this question appeared obviously 
ridiculous. They were deeply impressed by the essential 
difference in the behaviour of animals, both superficially 
and when studied more profoundly, as compared with that 
of even the most compHcated inorganic systems. They 
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particularly empliasised the direct appreciation of in- 
^vidual freedom of choice which we all experience and 
which appears to possess as much reality as can be attributed 
to material objects. They therefore concluded that man 
and the lower aniTna l R clearly possess attributes not found 
in inorganic nature and resulting in an essential unpre- 
dictability of behaviour. Others preferred to regard all 
failures to predict behaviour as simply the result of 
incomplete knowledge of the forces at work. Everyone 
is agreed, they pointed out, that the wind, which apparently 
“ bloweth where it hsteth,” is actually a predictable 
phenomenon given a sufficient knowledge of meteorology. 
The behaviour of some living organisms is, in fact, more 
easily predicted than that of the wind ; man, they argued, 
merely presents in its acutest form a difficulty found in all 
compHcated systems. 

Thus there came about the controversy between 
mechanism and vitalism ; between predestination and 
free-will. It became necessary either to agree that nature 
was in some measure a duality composed partly of living, 
partly of dead matter ; or else to consider that all our 
direct consciousness of volition and decision are illusory. 
Both alternatives were profoundly unsatisfactory. 

But we now see that the whole basis of the argument was 
unsound. The Newtonian dynamics just does not hold. 
We have seen that it is impossible to specify both the 
position and velocity of a particle at any one instant of 
time. It is true that when the particle is a large one, hke 
a planet or even a billiard ball, both position and velocity 
may be specified with very great accuracy, but still not 
with absolvie precision. Thus even if the Newtonian laws 
held, we could not predict exactly the state of a system at 
any future time, for we could never know its initial state 
with sufficient exactitude. In fact, the whole idea of 
complete predictabihty, even in inorganic nature, proves 
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to be quite illusory. Accurate prediction is impossible 
because at no instant of time is a complete specification 
in tbe Newtonian sense feasible, and not because a “ vital ” 
force is constantly interfering. 

It is not difiicult to design purely mechanical systems 
which, if actually constructed, would exhibit unpredict- 
ability of behaviour in a very real and obvious sense. 
Suppose, for example, we had a stream of electrons shot 
from some source through a very minute hole. The 
individual electrons on passmg through the small hole 
would suffer deflection analogous to the diffraction of light. 
Though not under any force in the ordinary sense they 
would tend to be deviated from their course by the mere 
fact of passing through the hole and would emerge in 
different directions. The degree of this scattering would 
be the greater, the smaller the diameter of the hole. As 
far as is known it would be impossible to predict the path 
of any individual electron after passmg through the hole ; 
we can calculate only the distributions of the paths in a 
statistical sense. Let us suppose now that we have a 
number of Geiger counters put in various places on the far 
side of the hole. (A Geiger counter is a vacuum tube 
containing two electrodes across which an electric potential 
is applied, and it is so constructed that if an electron passes 
through it an electric discharge takes place.) Each 
counter may be connected to a system of valves, con- 
densers, etc., so arranged as to magnify the electric 
disturbance produced by the transit of the electron, and 
the resulting impulse can then be employed to initiate some 
quite obvious effect (Fig. 8). Thus one counter when acti- 
vated might switch off your wireless set ; another might 
launch the “ Queen Elizabeth ” ; whilst a third might blow 
up the House of Commons. Assuming then that such a 
system was constructed and that one or two electrons were 
allowed to pass through the hole, we could not foretell 
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whether one or other or none of these various effects was 
produced. This would he true, however much care was 
taken to control the path of the electron before it passed 
through the hole. AVe thus see that unpredictability is 
not Hniited to atomic phenomena alone, but that with 
suitable arrangements it may be made manifest on the 
grand scale. In the random assortment of atoms and 
molecules constituting a gas or liquid, and even in the 



Fig. 8. — Showing' how the uncertainty principle could be made 
manifest on the grand scale, 

simple type of structures called crystals, these unpredictable 
effects tend, in the aggregate, to neutralise each other and 
to produce no lasting or obvious result. But with an 
arrangement of the kind we have imagined above, these 
chance occurrences may be made to bring about important 
and impressive events. 

So far we have laid emphasis on the point that the 
behaviour of an electron is unpredictable. This lack of 
predictabihty is admitted by all, but the question at once 
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arises as to whether it is an. essential property of the electron, 
or merely a consequence of the limited powers of the instru- 
ments at our disposal for observing it. Wc know of 
nothing finer than a ray of Hght for this purpose, but it 
may be that some more dehcate tool docs exist and that if 
we knew of it we could determine simultaneously both tlie 
position and velocity of an electron. If the position and 
velocity could be simultaneously measured by some uiethod, 
the future behaviour of the electron might then be pre- 
dictable with certainty. But there is at present no hint 
whatever of the existence of any such refined tool. 

Neither view as to the origin of the unpredictability of 
natural phenomena — whether it is an essential feature of 
all material systems or merely a consequence of our limited 
poAvers of investigating them — can be disproved ; our 
choice will depend on Avhich seems to be more fruitful and 
convement in practice. 

There is, however, a general principle which has proved 
of much value in modern physics, to the efl’cet that it is 
dangerous and undesirable to attribute reality to that 
Avdiich cannot be observed. .Tt does not folloAv, of course, 
that apparently unobservable quantities are necessarily 
unreal and fictitious ; the trouble is, it is all too easy to 
assume, perhaps quite unconsciously, tlie dclinitc existence 
of some quantity or quantities — such as precise locatioji 
and velocity — and to forget that these have never been 
directly observed and for all wo know may not actually 
exist. We might emphasise that we cannot actually dis- 
prove this assumption—the hypothetical objects may exist 
for all we know— -but this does not really take us very far. 
By the same argument wc should have to alloAv the possi- 
bility of the existence of a Man in the Moon. Experimental 
observation cannot and possibly never could, disprove his 
existence ; for even though we possessed the finest optical 
instruments he might live on the other side, the side we 
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never see. Unless, therefore, there is some cogent reason 
for assuming that our fundamental entities such as protons 
and electrons must necessarily possess both precise position 
and velocity in a precise sense, it seems reasonable, and, 
on the whole, preferable, not to do so. 

It can of course be argued that there is something pro- 
foundly unsatisfactory in leaving the ultimate laws of 
nature in this non-deterministic, statistical form. But is 
this really so ? Is this objection not fundamentally of the 
same tj’pe as that which was raised against the idea that 
the earth went round the sun or that space was not 
EucHdean 1 Obviously the sun went round the earth ; 
obviously space is flat, not curved. But the obvious is 
not always true. Now, the ordinary non-living systems 
with which we deal in daily life seem in the same obvious 
way, completely predictable in their behaviour, or would 
be if we took trouble enough to study them sufficiently. 
This vague but deeply rooted impression of the predicta- 
bility in behaviour of inorganic matter, which we aU form 
from our everyday experience, has been immensely 
strengthened and apparently scientifically justified by the 
development of dynamics through the genius of Newton 
and the work of his successors. It is, for this reason, 
difficult to examine the situation in an unprejudiced frame 
of mind. But if we realise that science is essentially 
descriptive, it will be appreciated that we must fit our 
descriptions to the objects observed and that the statistical 
laws of modern physics have just as much claim to be 
considered fundamental as any other laws. 

The view that physical systems are essentially unpre- 
dictable has the great advantage that it seems to avoid 
altogether the dilemma between Mechanism and Vitalism. 
The difficulty turns out to have been a fictitious one, pro- 
duced as the result of making assumptions for which there 
was absolutely no warrant. The assumptions may have 
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been, true — you cannot absolutely disprove tbem— and in 
that case tbe dilemma stiU exists ; but we are putting 
ourselves to quite unnecessary trouble if we worry about 
tbe consequences of unwarranted hypotheses. It seems 
much more fruitful to adopt the newer point of view — at 
least until some discovery is made which renders it un- 
tenable. We may therefore work on the assumption that 
the whole of reality, living and non-living ahke, is essentially 
a unity, aU of which, in the ultimate analysis, can be 
described in the same terms and by the same laws. It 
would be misleading to caU this point of view either 
Mechanistic or Vitalistic ; but it does seem to preserve the 
essential advantages of both these philosophies. 

Let us look at the matter from a somewhat different 
angle. Can we really observe an electron ? If one happens 
to pass through a Geiger counter we are made aware of the 
fact by the movement of a pointer or by the noise in a loud- 
speaker. These effects are produced by the electron through 
the somewhat complicated electrical system of valves, 
conductors, and condensers which magnify the initial 
disturbance. Sometimes the electron is detected as the 
result of its producing a spot or line on a photographic 
plate. In the exhreme case, one might imagine that it was 
illuminated and viewed by the eye through a suitable 
microscope. Here a disturbance would ultimately be 
produced in the optic nerve of the observer. In all cases 
the data which are immediately observable consist of effects 
of a gross kind, physical or chemical reactions involving 
millions of atoms or molecules. Thus scientific observations 
in the ultimate analysis, refer to gross observable effects 
or objects. In order to correlate these it is found convenient 
to assume the existence of a large number of electrons, 
protons, quanta, and suchlike, which taken together form, 
as it were, a delicate network connecting up the various 
gross effects which are directly observed. In this 
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these fundamental entities are convenient hypotheses, but 
it greatly aids us, in thinking about these matters, to con- 
ceive of them as small particles or trains of waves, or as 
both. It is, however, the large-scale objects which are 
really observed. 

Now the relationship between two such objects may be 
of a relatively simple type. There may be no highly 
complicated structure, or, if there is, it may not be 
relevant. Such connections may bo capable of expression 
without any reference at all to the individual electrons 
and quanta. Simple relationships of this kind underlie the 
phenomena which were dealt with by the older classical 
physics. On the other hand, the connections may be 
complicated and highly critical. The underlying structures, 
represented in terms of electrons, protons, and quanta 
cannot be dispensed with if an intelligible description of 
these more complicated relationships is to be achieved. 
We are then dealing with the phenomena which have 
necessitated the development of the new physics : the 
connections are now more subtle and not always so precise 
as in the simpler cases of the first type. Of all the com- 
plicated structures and complex relationships, those existing 
in the hving cell are probably the most extreme examples. 
Thus, in hving beings we have phenomena altogether 
beyond descriptions of the older type. The climax woxild 
seem to be reached in the nerve cells of the brain, and so, 
in the mental activity of the higher animals and of man, 
we seem to reach the greatest degree of unpredictability in 
the old mechanical sense. 

But aU this is somewhat general and abstract. The 
vague outhne of the universe around us which this picture 
afiords must be filled in if it is to be a serviceable and 
satisfactory interpretation of our everyday experience. We 
want some concrete and comprehensible notion as to how a 
bacterium, a frog, or a man’s brain actually works. They 
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are all composed, like a lump of iron or stone, of protons and 
electrons and tke otker elementary particles. And yet they 
all behave so very differently. Too great detail in our 
picture is neither possible nor desirable. It would merely 
confuse us — ^the wood could not be seen for the trees. We 
want just that amount of detail which allows us here and 
there to make contact with real objects, but never so 
much as to be merely distracting. And so, between the 
Scylla of vagueness and the Charybdis of a plethora of 
trivial facts, we shall endeavour to steer our way in this 
voyage of survey. 
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ATOMIC BRICKS AND MORTAR 

If we set out to discover how some mechanism works, our 
first concern is to find out how it is constructed. If we 
do not know the nature of the component parts of a motor 
car engine, what they do, and how they are connected to 
each other, we cannot hope to understand how the engine 
is able to produce mechanical energy as the result of burning 
petrol. In the same way, in order to elucidate the be- 
haviour of living bodies it is necessary to find out all we can 
about their structure. The more exact and complete this 
knowledge, the easier it becomes to explain functional 
activity in precise and unambiguous terms. 

There are, of course, difierent levels on which explana- 
tions of structure may be given. In the case of the motor 
car, for instance, we may take the magneto and the car- 
burettor as units capable of doing certain things, and for 
the time being neglect the question as to how these units 
work. We need only know that the magneto causes a 
spark to be produced in the cyhnder at the appropriate 
instant ; we leave aside the question as to how this spark 
is actually produced. In this way we are able to give a 
description of how the engine works as a whole. We 
reahse that this knowledge is incomplete and that the 
next thing to do is to study the structure of the magneto ; 
but however imperfect, the explanation of the whole in 
terms of its parts constitutes a distinct advance and is the 
first step towards a more complete e2q)lanation. 

It is the same in the case of hving structures. No advance 
towards an explanation of their working can be expected 
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until they have been closely studied from the point of 
view of anatomy. This science was one of the earliest of 
the biological sciences to develop, and through it the 
physical relationships of the various organs in the body 
to each other were made clear. The discovery of the 
microscope made it possible to extend our knowledge of 
structure so as to include details too minute to be observed 
by the naked eye. 

During the course of the nineteenth century this histo- 
logical knowledge of living structure was immensely 
extended by the development of the technique of section 
cutting and the staining of tissues by means of suitable 
dyestuffs. For a histologist the unit is the cell. Sometimes, 
it is true, he is enabled to see within the cell various particles 
and granules and even more detailed structures, but he is 
never quite certain as to how far these really existed in 
the cell in its living state before he began to treat it with 
his highly specialised and often quite drastic methods. In 
any case, he almost invariably fails to give any explanation 
of the function of the cell in terms of these structures. 
Thus it may be said that, if we approach the problem of 
structure by the method of direct observation we begin to 
reach the limit of our resources when we get down to about 
the size of the cell, which is in the neighbourhood of point 14 
on our scale (p. 10 ; see also Plates 1 and 8). 

Fortunately another kind of approach is available. This 
is, as it were, from below upwards. The bricks of which 
the cell is built are chemical molecules, and in order to 
understand the behaviour of these it is necessary to know 
their architecture ; this means that we must first make a 
short digression about atoms, for these are the key-units 
in the structure of all things, living and non-living alike. 

It is now well over a hundred years since Dalton put 
forward the atomic theory, which has become the basis of 
the science of chemistry. In this theory the unit is the 
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atom, and the large mass of facts discovered by the work 
of chemists is brought into an orderly system when inter- 
preted in terms of these atoms. The chief property 
possessed by most atoms is the power of combining with 
other atoms to form new compounds. In terms of this 
theory, the atom may conveniently be thought of as a 
sphere furnished with a number of hooks each representing 
one “ valency.” Certain types of atoms — ^those of 
hydrogen, sodium, and chlorine— have only one such hook ; 
others, calcium, sulphur, and oxygen, two ; nitrogen and 
phosphorus have three ; carbon, four. A “ bond ” is 
formed between two atoms when one hook of one atom 
engages with one hook of the other — 



It has been found very convenient to denote an atom by a 
simple symbol, usually the first letter of the name of the 
element see Table I — and to denote the bonds by linos. 
A molecule of a compound ma.y then be represented by a 
number of these symbols each denoting an atom joined by 
hues symbolising the bonds. Thus a molecule of water is 
represented by H— 0— H, ammonia by 


These formute illustrate an important principle which is 
quite fundamental in the theory, that in all stable molecules 
there are no free hooks left over ; thus, for example, it is 
found impossible to isolate a substance, 

/N— or H_0— 

W 
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With, the help of this theory of molecular structure chemists 
found it possible to interpret a very large number of 
compounds in terms of atoms. These compounds include 
many found in inorganic nature and in living bodies as well 
as an enormous number synthesised in their laboratories. 

During the present century an advance has been made 
towards a description of nature in still more fundamental 
terms. The physicist discovered the proton and the 
electron : apparently the fundamental positive and negative 
units of electricity. The proton and electron carry charges 
equal in amount, though of course of opposite sign. 

The combined work of physicists and chemists enables 
us to picture the atom as something like a miniature solar 
system with a central nucleus surrounded by a planetary 
system of electrons. We may regard this nucleus as a 
liighly condensed system of protons and electrons with an 
excess of the former. It is therefore always positively 
charged, but this charge varies according to the type of 
atom in question. Around this nucleus are disposed a 
number of electrons, just sufficient to render the atom as a 
whole electrically neutral. This number, which is naturally 
equal to the number of excess protons in the nucleus, 
determines the Idnd of atom in the chemical sense. Thus 
if it is 1 the atom will be an atom of hydrogen ; if it is 
6, carbon ; if 7, nitrogen ; if 8, oxygen ; if 17, chlorine. In 
other words, hydrogen, carbon, nitrogen, oxygen, and 
chlorine have 1, G, 7, and 17 planetary electrons respectively. 
Now these electrons are arranged in shells. The funda- 
mental idea is that the number of available places on each 
shell is limited. There cannot be more than 2 in the first, 
8 each in the second and third, 18 in the fourth, and so on. 
Hydrogen and the inert gas helium, with 1 and 2 planetary 
electrons respectively, form the first group of elements, with 
only the first shell occupied ; partly occupied in the case of 
hydrogen ; fully in the case of helium (see Fig. 9). 
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In the next eight elements this first shell remains com- 
pletely filled and the second shell is gradually completed, 
one electron at a time, as we pass along from lithium to the 
next inert gas neon. Thus carbon, which has a total of 
6 electrons, has a complete inner shell of 2 and a half- 
completed outer shell of 4. With the next eight elements, 
sodium to argon, the story is repeated, the inert gas argon 



eXFCJSiV (Oj JfJSOJf fJCeJ 

Fia. 9. — Diagrammatic picture of atomic structures. The large dots 
represent nuclei, the small ones electrons. 


having three complete shells (2, 8, and 8 electrons). It 
will be noticed that the inert gases — so named because of 
their reluctance to enter into chemical combination — are 
peculiar in their having complete outer shells. Here we 
have the clue to the whole of chemistry. Completed shells 
are stable ones which seem perfectly happy to remain as 
they are and show no desire for change. Incomplete shells, 
on the other hand, are uneasy and uncomfortable arrange- 
ments always in a state of unrest. Wherever possible the 
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electrons will try to rearrange themselves in such a way that 
incomplete shells will no longer exist. It is this principle 
which underlies chemical combination and which dominates 
molecular structure. 

Table I. — The Lighter Elements and their Atomic Strecthre 


Element 

Symbol 

Atomic 

Weight 

Charge 

on 

Nucleus^ 

Electrons in 

1st 

Shell 

2nd 

Shell 

3rd 

Shell 

4th 

Shell 

Hydrogen . 

H 

1 

1 

1 

_ 

_ 

_ 

Helium 

He 

4 

2 

2' 

— 

— 

— 

Lithium 

Li 

6-9 

3 

2 

1 

— 

— 

Beryllium . 

Be 

9 

4 

2 

2 

— 

— 

Boron . 

B 

10-8 

5 

2 

3 

— 

— 

Carbon 

C 

12 

6 

2 

4 

— 

— 

Nitrogen 

N 

14 

7 

2 

5 

— 

— 

Oxygen 

0 

16 

8 1 

2 

6 

— 

— 

Fluorine 

F 

19 

9 i 

2 

7 

— 

— 

Neon . 

Ne 

20-2 

10 

2 

8 

— 

— 

Sodium 

Na 

23 

11 

2 

8 

1 

— 

Magnesium . 

Mg 

24-3 

12 

2 * 

8 

2 

— 

Aluminium , 

A1 

27 

13 

2 

8 

3 

— 

Silicon 

Si 

2S 

14 

2 

8 

4 

— 

Phosphorus . 

p 

31 

15 

2 

8 

5 

— 

Sulphur 

s 

32 

16 

2 

8 

6 

— 

Chlorine 

Cl 

35-5 

17 

2 

8 

7 



Argon . 

Ar 

39*9 

18 

2 

8 

8 

— 

Potassium . 

K 

39-1 

19 

2 

8 

8 

1 

Calcium 

Ca 

40*1 

20 

2 

8 

8 

2 


^ Numerically equal to the number of planetary electrons (often called 
the atomic number). 


Let us examine how this works out in practice. Suppose, 
for example, we have an atom of sodium and an atom of 
chlorine. It will be seen from Table I above that the 
sodium atom has an incomplete sheU containing one electron 
and the chlorine an almost completed shell of seven 
electrons. Obviously, if a single electron is transferred 
from the sodium to the chlorine there wiU no longer be any 
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incoinplete shells. This transfer of course results in the 
sodium acquiring a positive charge and the chlorine a 
negative one. For convenience we speak of those charged 
atoms as ions. Being of opposite signs the sodium and 
chlorine ions attract each other and it is this electrical 



10. — Illustrating the arrangement of atoms in a sodium chloride 
crystal 

# — a positively charged sodium atom 
O = a negatively charged chlorine atom 
Each sodium atom has six chlorine neighbours and every chlorine 
six sodium neighbours. 

attraction which is to be interpreted as the bond in a 
simple compound like sodium chloride (common salt). A 
crystal of sodium chloride really consists of a closely packed 
and regularly arranged aggregate of equal numbers of such 
positive and negative ions (Fig. 10). As each negative ion 
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is surrounded by positive sodium ions and vice versa, it will 
be readily understood that the electrical forces holding the 
structure together reach quite considerable magnitudes, so 
that a crystal of sodium chloride is a hard, rigid structure. 

This idea of electrovalmci/, as it is called, involving the 
formation of electrically charged ions, covers quite a 
number of simple cases met with in inorganic chemistry. 
An atom of magnesium, for example, has two extra electrons. 
It cannot, therefore, react with one atom of chlorine, like 
sodium, but must react with two, giving up one electron 
to each. We thus obtain the salt magnesium chloride, 
containing a positive magnesium ion (bearing two charges) 
and two negative chlorine ions, each with one charge (it is 
convenient to use the charge on one electron as the unit). 
But we soon find that the method of electron transfer does 

: Cl : Cl ; 

Fig. 11 . — A chlorine molecule. The dots represent electron.?. 

not suffice to explain more than a very small fraction of the 
known chemical compounds. By what other device can 
the atoms “ liquidate ” then incomplete electron shells ? 

The answer is a very simple one. A pair of electrons may 
be shared between two atoms and are then to be counted 
in the outer shells of both. This sharing process allows of 
the existence of molecules rather difl’ereut in type from 
those involving electrovalcncy. For example, let us 
suppose that we have two atoms of chlorine, each with an 
incomplete outer shell of seven electrons. If two of the 
fourteen electrons are shared between the two atoms, we 
are left with tw'elve, which may be arranged six round the 
one and six round the other. This is represented dia- 
gramatically in Fig. 11, in which, according to custom, only 
the outer electron ring of each atom is depicted, the inner 
(completed) rings being taken for granted. It will be seen 
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tliat each atom has now a complete outer shell of eight 
electrons, namely, the two shared ones and six others. The 
whole structure constitutes a molecule of chlorine such as 
would be represented in the old notation by the formula 
Cl-Cl. The pair of shared electrons forms the bond or 
valency, which holds the atoms together. 

There is one subsidiary rule which should be mentioned 
at this point. Undue accumulation of free electric charges 
on any atom in a molecule leads in general to instabihty. 
Thus, charges of one unit or even of two are permissible, 
as in the cases of the sodium and magnesium ions mentioned 
above ; but in the case of carbon tetrachloride, CCI 4 , 
although the carbon could theoretically give up its four 


:C1: 

:C1 :C : Ci: 
•• •* •* 

:C1: 


Fig. 12. — A molecule of carbon tetraobloricle. 

outer electrons to complete the outer shells of the four 
chlorine atoms, thus becoming a quadruply charged carbon 
ion, such an ion does not in fact exist. It is found that 
the carbon shares its electrons with the chlorine atoms as 
shown in Fig. 12, the atoms of chlorine and carbon 
remaining electrically neutral. This sharing of electrons is 
also found in the vast majority of the compounds in which 
we are particularly interested, namely, those compounds of 
carbon, hydrogen, oxygen, and nitrogen in which the electron 
shells are all complete, the individual atoms in the molecule 
being electrically neutral. ^ 

Let us now consider the formulae of water and ammonia 
in terms of electrons. 

1 Here, “ neutrality ” means that the charge on the nucleus is equal 
to the number of free unshared electrons plus half the number of shared 
electrons. 
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It will be readily seen that a molecule of water is 
appropriately represented by 

H:6;H 

This formula satisfies all the conditions laid down above, 
for the oxygen atom is connected to each hydrogen by two 
electrons and is itself surroimded by eight, whilst the total 
number of electrons is correct, being made up of six 
originally belonging to the oxygen together with one from 
each hydrogen. Similarly, the formula for ammonia is 
correctly represented as 

H 

:N:H 

H 

If we compare these electronic formulae with the more 
usual formulae given above, it will be seen that each line 
representing a bond has been replaced by two dots each 
representing one electron. The new method of representa- 
tion brings out the fact that certain atoms may also carry 
free or unshared electrons in their outer shells. It is of 
interest to write down the formulae of a few simple sub- 
stances in each of the two ways. We therefore give the 
old and the new method of representing methane, the gas 
responsible for firedamp in mines ; methyl alcohol, or wood 
spirits ; ethyl alcohol, the chief cause of drunlcenness ; and 
acetic acid, the characteristic constituent of vinegar. 


H 

1 


H 

H 

1 

H 

H— C-— H 


H : C : H 

1 

-C- 

-0— H H:C:0:H 



H 

k 

H 


Methane 


Methyl alcohol 

H H 

1 1 


H H 

H 

1 

0 fT 

^ ? .. 

-C H: C: C:0:H 

1 

f 

f 

0 

1 

-H 

H:C:C:0:H H- 




HH 

k 

\ H ' 

OH : 0 : 


Ethyl Alcohol Acetic Acid. 
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Although these two methods of representing chemical 
bonds are essentially equivalent to each other, the new 
one has certain distinct advantages. In the first place, it is 
logically more satisfactory, because it describes chemical 
phenomena in terms of particles or concepts recognised by 
physics as fundamental in the structure of things and 
deduced by this latter science on largely independent 
evidence. In the second place, it accommodates certain 
types of compounds and reactions not readily explained by 
the old basis ; for example, the fact that ammonia gas, NHg, 
can combine with hydrochloric acid gas, HCl, to form a 
salt is now easily understood. All that happens is that a 
hydrogen ion breaks away from its partnership with chlorine 
and forms a new union by sharing the two free electrons 
of the ammonia molecule : 

H H 

H : N ; + H : Cl : H : N : H : Cl : 

H " ii 

ammonia + hydrochloric acid amnioiiium chloride 

The result is the creation of a positively ehargecl aminoniuTu 
ion and a negatively charged chloride ion. These, taken 
in bullv, constitute a crystal of the salt we call ainiuoniuni 
chloride, just as an aggregate of sodium ions and chloride 
ions constitute a crystal of sodium chloride (see p. 6(1). 

Thirdly, the electron interpretation of va.lcaicy is found 
to explain the course of chemical reactions in a way wliich 
was quite beyond the powers of the old tlicory. 

Both these methods of writing out formula), however, 
suffer from one disadvantage — they take up too much 
room. In consequence, for ordinary purposes it has become 
customary to use an abbreviated notation. We take as 
our unit not one atom but a group of atoms. Tlicse 
groups may be concisely denoted by a statement of the 
atoms they contain, the actual bonds being omitted where 
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ambiguity does not thereby result. Thus, the group 
containing one carbon and three hydrogen atoms, repre- 
sented by the full formula 

H 

I 

H— C— 

I 

H 

is denoted by CH3 and is called the methyl group ; a group 
consisting of two carbon and five hydrogen atoms 

H H 

I 1 

H— O— C— 

I I 

H H 

is represented by C2H5 and is called the ethyl group. In 
this notation the four compounds pictured above are 
represented as follows : CH4 ; CH3OH ; C2H5OH ; and 
CH3CO2H. 

This conception of the group as the unit has been of 
extreme value in the development of structural organic 
chemistry. The same groups are met with over and over 
again in all kinds of different compounds, and the im- 
portant point is that the properties and behaviour of any 
group are to a large extent independent of the rest of the 
molecule to which it is connected. Thus if we know the 
properties of these groups, we know a great deal about 
the properties of any compound which contains them. We 
can often predict what the properties of a compound not 
yet made will be, because, from its formula, we can recognise 
the groups which it will contain. Any compound, for 
example, which carries the carboxyl group, COoH, will 
have acidic properties like acetic acid, whilst any compound 
carrying the amino group NH2 ‘^iU be a “ base ” like 
a mm onia ; that is, it will tend to form salts with acids. 

Sometimes in organic compounds atoms may be connected 
by more than one bond. In ethylene, for example, the 
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two carbon atoms are joined by two ordinary bonds, that 
is to say, they share four electrons (Fig. 13), In acetylene 
the two carbon atoms are united by as many as three bonds, 
and so this compound is represented as in Fig. 14. The 
carbosyl group, ehaijacteristic of organic acids, also contains 
a double bond, as in the case of acetic acid (p. 63). A 
double bond resembles a group in that when it occurs in a 


H 

H 



C 

: c 

H: 

C:C:H 

H 

H 



13.- 

-Ethylene. 

Fig. 14.- 

— Acetylene. 


molecule it usually is associated with the appearance of 
certain characteristic properties. 

We very frequently meet with compounds containing 
three double bonds in a ring formed of six carbon atoms 
(Fig. 15 a). The remarkably stable molecule of benzene 
is nothing but a ring of six such carbon atoms, each of them 


H 

1 

H 

1 



ll^Q^ \c— 0--H 

1 


1 II 

1 

u 

H 

1 

H 


a 

h c 

Fig. 15. 

d 


carrying one hydrogen atom so as to satisfy all the valencies. 
The group CgHg containing this important ring system is 
called the phenyl group, and it is found for example in 
carbohc acid or phenol, which has the formula CgHgOH 
(Fig. 15 b). Usually, in order to simplify printing, the 
C and H symbols are omitted from formulae of this type, 
and they are written as in Fig. 15, c and d. 

On the basis of these ideas and a few simple extensions 
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of them, the whole vast science of organic chemistry has 
been erected. The number of compounds to which definite 
structures have been assigned is enormous. Owing to the 
very definite nature of these structures and the fact that 
they are all capable of a relatively simple pictorial, one 
might say geometrical, representation it has been found 
possible to arrange and tabulate them in lexicons or hand- 
books, and the system of arrangement is so good that in 
most cases a few minutes suffice to enable the organic 
chemist to ascertain exactly what papers if any have been 
pubhshed about any particular compound in which he may 
be interested. When it is realised that up to the present 
the list contains perhaps half a million compounds, it will 
be understood how great a trimnph of orderly arrangement 
and of indexing this is, and how striking a vindication of 
the correctness of the theory which accommodates so easily, 
each in its proper place, this enormous number of different 
compounds. Furthermore, the great majority of them 
have actually been synthesised in the laboratory by the 
chemist, and these structural formul® not only explain the 
properties of the compounds but also suggest the methods 
of synthesis to be employed, and it is in terms of them 
that the reactions involved are described. 

Two instincts seem to be deeply rooted in human nature 
— the instinct to construct and the instinct to solve 
mysteries. Most children lilce to build with bricks or 
construct models with cardboard or Meccano. Few readers 
can fail to have been fascinated by a really good detective 
story. Organic chemistry appeals directly to both of these 
instincts. The elucidation of the structure of some un- 
known compound, possibly a compound" isolated from the 
animal organism and playing a role of great importance in 
the efficient working of our bodies, is in many ways very 
closely analogous to the working out of the solution of a 
detective story. One by one the various clues are 
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collected ; some of these may be important, others may be 
misleading, not to be accepted altogether at their face 
value. Sometimes an impasse seems to be reached — 
usually this indicates that there is a serious flaw somewhere 
in our train of deductions, and it suggests the need for a 
fresh start udth an unprejudiced mind. But sooner or later 
the various pieces of the puzzle are found to fit together and 
a formula is deduced which is consistent with all the known 
facts. 

And then comes the constructive side of the work, the 
attempt to build up in the laboratory a compound having 
the formula suggested by our previous work. The organic 
chemist cannot, of course, take separate atoms or even 
groups of atoms and piece them together like the separate 
parts of a sewing-machine. He is, in fact, always dealing 
with not one molecule but millions of milhons of miUions of 
them. However, with knowledge and experience and with 
a large amount of trial and error, he is able to discover 
under what conditions he can cause relatively simple mole- 
cules to react together to form more comphcated ones, and 
then how to modify these, often by very roundabout routes, 
until at last he reaches a compound with the structure he 
desires. At every stage he employs his structural formulae 
to help him to follow and interpret what actually happens, 
and very frequently he comes across minor mysteries the 
solution of which proves to be both useful and amusing. 

But the attractions of organic chemistry are not limited 
by its appeal to the instincts of construction and investiga- 
tion. In his everyday laboratory work the organic chemist 
is constantly carrjdng out interesting practical operations, 
with a technique sufficiently skilled to give pleasure in the 
doing of it, but not so very skilful that it can be acquired 
only by the very few. He sees with great satisfaction the 
beautiful crystals which his efforts have succeeded in 
extracting from some ugly, dark, sticky tar. He watches 
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the reaction mixture melt and become liquid and change 
colour in all kinds of unexpected ways. He is constantly 
doing things — distilling, dissolving, or freezing his solid or 
Uquid products — and all the time, corresponding to the 
reactions which he sees going on before his eyes in beakers 
and test-tubes, he has pictures in his mind of the actual 
atomic configurations which are involved, and of the 
changes which they are undergoing. 

Those are the academic attractions of the science. Let 
us look at the other side of the picture. It is obvious that 
organic chemistry occupies a key position in modern life. 
This structural theory which we have been discussing has 
made possible the development of great chemical industries 
during the last seventy years or so. The production of 
synthetic dyestuffs, of explosives, and of synthetic drugs 
has had a profound effect on present-day civilisation. 
Aspirin and indigo, mustard gas and T.N.T. (trinitrotoluene) 
are all products of the organic chemist. 

The ultimate object of the science of biochemistry is to 
interpret the various activities of the living organism in 
terms of precise chemical reactions taking place between 
substances of definitely known chemical structure. Progress 
here is obviously impossible until the compounds present 
in the living tissue have been discovered and their constitu- 
tion ascertained. It is for this reason that the most 
important recent advances in biochemistry have been in the 
direction of isolating and establishing the constitution of 
compounds playing an important role in the metabolism 
of the hving organism. Perhaps the most outstanding 
examples are to be found in connection with vitamins and 
hormones. During the last ten years the progress achieved 
has indeed been immense. Often witliin the space of a 
little more than a year a compound has been isolated, its 
structure completely elucidated, and then the compound 
synthesised and proved identical in its chemical and 
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biological properties with that found in nature. Here, the 
type of problem involved and the technique used are 
essentially those of organic chemistry, although the object 
of the work is biological. 

It is of interest to enquire what has made possible this 
very rapid progress of the last ten or fifteen years. It 
depends largely on a purely technical development — the 
advent of micro-analysis. Up to about twenty years ago 
the analysis of an organic compound — ^the determination, 
for example, of the percentages of carbon and hydrogen 
which it contained — ^required at least one-tenth of a gram, 
that is to say, one hundred milligrams. As the result of 
the, work of Pregl, an Austrian chemist, it is now possible 
to carry out an analysis with three to five milligrams, 
about one-twentieth or one-thirtieth of that previously 
required, and the results are practically of equal accuracy. 
This development has effected an immense saving of time 
and labour, especially in the case of compounds of high 
biological activity. These usually exist in the animal or 
plant in extremely minute amounts, and so they can be 
obtained even in quantities of a few milligrams only with 
extreme difficulty. Thus it makes all the difference if work 
can be done with a few milligrams as contrasted with the 
few hundred milligrams previously required. 

All structural formulae rest ultimately on the analysis 
of the compound in question. Thus the development of 
micro-analysis has made possible the investigation of many 
substances which previously it would have been almost 
hopeless to tackle. Further, now that micro-analysis has 
enabled chemists to analyse these very small amounts, 
apparatus and methods of manipulation suitable for these 
quantities of material are available and a whole science of 
micro-organic chemistry has developed. 

And how far, we are moved to ask ourselves, will the 
chemist be able to go in this direction ? The physicist can 
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detect a million (10®) atoms by means of the spectroscope, 
and can even make quantitative estimations with amounts 
of this order ; in radio-active processes a single atom can 
often be detected ; the routine micro-analysis is still very 
far from obtaining results with amounts of substances of 
even the former order, for one milligram of a substance 
contains about a milhon milhon milHon (IQi®) molecules. 
True, some compounds give colour reactions so sensitive 
that they can be detected and even measured when present 
in quantities of the order of a few micrograms (1 micro- 
gram=l/1000 of one milligram, or 10“® gram), but even this 
minute amount contains as many as about IQi® molecules. 
We should have to step about 16 places further down our 
scale of sizes in order to deal with single molecules. In 
the course of time great advances may be made in the 
technique of analysis, and micro-analysis may be succeeded 
by ultra micro-analysis and this by a super-ultra variety, 
and so on, but it is very doubtful if it will ever be possible 
to analyse a single molecule or even a small group of, say, 
four to five molecules. 

Indeed, it may be said that the complete specification 
of a single molecule is essentially impossible. For, as we 
have seen, every time we observe an electron, we definitely 
affect its state ; we cause it to change, either its position 
or its velocity or both. In as far as a molecule is built up 
of protons and electrons, the same principle will apply, 
and the more precisely we try to locate its various parts, 
the more shall we disturb it from its initial state. We can 
analyse a crystal of sodium chloride by means of X-rays, 
but this is because even a small fragment of this crystal 
contains bilhons of similar atoms arranged according to a 
definite pattern. It is the repetition of this pattern over 
and over again which makes its investigation a relatively 
easy one. If in the piece of material under investigation 
the pattern is repeated only a few times, the results obtainable 
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become less precise ; tbe X-ray photographs obtained 
are literally blurred. The methods of chemistry are less 
direct than the process of observation by means of X-rays, 
but they are subject to the same kind of hmitation, and so 
there would seem to be a hmit to the detail which we can 
ever hope to attain with regard to the fine structure of 
highly complex matter. 

In a strict sense, every hving organism, every tissue and 
cell in its body is a unique structure, for no two hving 
organisms are exactly alike. Complete knowledge of a 
single organism is therefore unattainable, even theoretically, 
for the necessary observations would inevitably destroy the 
organism itself. As in the case of the single electron, this 
essential lack of precise knowledge is intimately related 
to the apparent unpredictabihty of behaviour of li ving 
things. 

But hving structures are not wholly unique. For they 
prove to be in large measure built up of quite ordinary and 
often relatively simple units. These common constituent 
parts sometimes exist free in the ceU as independent mole- 
cules ; often they are joined together by more or less 
stable chemical links to form larger and much more 
specialised structures. If those structures were reaUy all 
quite different from each other, it is doubtful if we should 
ever know much about any of them. But nature for- 
tunately is economical in her methods. Even complex 
structures are turned out by the mass, a highly comphcated 
molecule of serum protein or of egg-wMte has millions 
upon millions of twin brothers almost if not quite identical 
with himself. It is in virtue of this almost unhmited 
multiplication of identical structures that progress in the 
detailed analysis of living systems is possible, for science 
is essentially statistical and cannot deal with the unique. 

In the light of these considerations we cannot expect our 
knowledge of the structure of cells and tissues and of how 
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they work to be at all complete. Perhaps, as we have seen, 
it can never be so. But real advances have in recent years 
been made, and made very rapidly. A general knowledge 
has been obtained, often supplemented by considerable 
detail, of the main types of structure which are found in 
fl.niTina,1a and plants. Let us see on what plan these sub- 
stances are constructed and discover how nature has 
contrived to produce so much variety with what are, after 
all, very limited resources. 
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CHAPTER V 


MOLECULAR ARCHITECTURE 

In everyday life we use the word “ purity,” as applied to 
material substances, in two distinct senses. In connection 
with food or drink or similar materials it impHes an absence 
of dirt or possibly of adulterants or preservatives. On 
the other hand, when we speak of pure gold we mean 
that the metal in question consists of 100 per cent, gold and 
nothing else. A pure substance in this sense is one which 
is homogeneous, and so cannot be split up by any ordinary 
physical method into two or more different constituents. 
When the chemist speaks of a pure substance he uses the 
word in this latter sense. It is very important to have a 
clear idea of the distinction ; for example, milk, however 
fresh from the cow and however clean, would not be a pure 
substance as far as the chemist was concerned. On the 
other hand, the cane sugar which we buy from the grocer 
is, or ought to be, a compound of very high purity, even in 
the eyes of a chemist. Unlike pure gold, it does not contain 
atoms of only one type— on the contrary, it contains atoms 
. of carbon, oxygen, and hydrogen in its molecule—but all 
the molecules contained in a lump of cane sugar are essen- 
tially identical and are all represented by the same structural 
formula. This is what we mean when we say that cane 
sugar is a pure substance. 

But how are we to tell whether any particular substance 
is pure or not in this sense ? The term “ pure substance ” 
suggests to the chemist’s mind something which exists in 
the form of well-defined crystals all of which look ahke 
when examined under the lens or microscope, and which, 
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however often recrystallised from suitable solvents, do not 
change in their properties. This is not, indeed, an absolute 
guarantee of purity, but it is an important test. 

When a compound is liquid, the establishment of purity 
is usually more difficult, but in general crystalline deriva- 
tives can be prepared and in this somewhat indirect way 
the purity of the compound established. 

When the organic chemist is asked to find out the 
structure of any substance, his general method is to prepare 
pure compounds from the material in question and then to 
analyse them so as to find out how many atoms of the 
difierent elements each of these pure compounds contains. 
He then sets himself to devise formulae which will accom- 
modate the results so obtained. Sometimes there may be 
more than one possible formula consistent with all the facts, 
but in that case further experiments with, the production of 
other pure compounds usually lead to the elimination of 
one possibility after another until only one is left, which, 
if no mistake has occurred, will be the correct one and 
will never be displaced. 

But many of the substances we are most familiar with in 
everyday life are not pure substances in the chemist’s sense 
— starch, meat, rubber are not crystalline, nor can they be 
obtained in a crystalline form. Analysis shows that they 
are for the most part constituted out of carbon, hydrogen, 
and oxygen, and in some eases, of nitrogen. How are 
these atoms arranged in such non-crj^stalline substances ? 
In what way do these materials differ from the much more 
tractable crystalline compounds with which the organic 
chemist is so familiar ? 

These questions have not yet been completely answered, 
but much progress has been made during the last thirty 
years. Many different lands of method — organic chemistry, 
physical chemistry, X-ray investigation — have been applied 
and have all shed important fight on the central problem, 
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the arrangement of the atoms in these non-crystalline 
substances. 

When a problem of this type has to be tackled, a line of 
approach often very fruitful is to try to break down the 
comphcated structure into smaller, simpler fragments and 
then to investigate the nature of these. 

It is important to break up the large molecule by methods 
as mild as possible, in order that there should be a reasonable 
probabihty that the fragments retain the same essential- 
structure which they possessed when they were parts of the 
larger molecule. 

When this process is apphed to a “ protein such as 
forms the characteristic constituent of meat, blood, or 
the white of eggs, it is found that the main products 
are organic compounds belonging to a special class called 
amino-acids. This name indicates that they are acid in 
nature, in other words that they contain a carboxyl group 
(— CO2H), and in addition an amino group (— NHo) ; 
they can thus function both as acids and as bases (see 
p. 66 ). One of the commoner amino-acids is called 
alanine and possesses the formula NH2 . CH . CO2H. 


CH3 

Many other amino-acids are known ; about two dozen 
altogether have been isolated from the scission products of 
proteins, and the establishment of their exact structure has 
in some cases involved very considerable labour. However, 
they are all crystalline compounds or yield crystalline 
derivatives, and the discovery of their structure, while 
requiring patience and skill, has been effected by the 
classical methods of organic chemistry without any in- 
superable difficulty being encountered. They all prove to 
be of the general type NH2 . CH . CO2H, where X is some 


X 
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fairly simple side-chain. Thus when X is the methyl group 
(CH3) we obtain the formula of alanine given above ; 
when X is a hydrogen atom the formrda represents the 
simplest of all the amino-acids, glycine, NH2 . CH2 . COoH. 
All the other amino-acids are evidently derivatives of 
glycine. The next step is to find out how these various 
amino-acids are urdted together in the protein molecule. 

It is now about thirty years since the great German 
organic chemist Emil Fischer concentrated his energy and 
shill on this difficult task. He was able to show that, 
in all probability, the amino-acids are joined together by 
what is called an “ amide linkage.” Let us, for example, 
consider the very simple amino-acid alanine. We may 
imagine two molecules of this amino-acid to react together 
with the elimination of water so as to yield a compound 
of almost double the size, as follows : 

NHj . GH . CO3H NHs . CH . CO^H 

NH. . OH . CO . NH . GH . CO^H -f H^O 
CH, (:h. 

It will be seen that the carboxyl group of the one molecule 
reacts with the amino group of the second, with the 
elimination of water, so as to give rise to the amide group 
-CO . NH- which retains neither the acid nor the basic 
properties of the original component carboxyl or amino 
groups. The whole compound — ^we call it a dipeptide — 
retains one free amino and one free carboxyl group, and so 
is stiU, in a sense, an amino-acid. In fact, it retains many 
of the properties of the original alanine ; for as we explained 
in the last chapter, the properties of a compound depend 
very largely on the groups which it carries. 

It is clear that this process can be repeated — that the 
compound made from the two alanine molecules may be 

77 



MOLECULAR AECHITBOTURE 

further condensed with a third molecule to yield a still 
longer chain of atoms (a tripeptide), as follows : 

NHa . OH . CO . NH . CH . CO,H NHj . CH . CO^H 

1 I + I 

CHs CH3 CH3 

NPL . CH . CO . NH . CH . CO . NH . CH . CO.,H + H ,0 

“I I i " ■ 

CH3 CH3 CH3 

This process of condensation may be repeated again and 
again until compounds are obtained formed out of quite 
a large number of amino-acids and containing a carboxyl 
group at the one end and an amino group at the other. 
Of course, the individual amino-acids in a chain need not 
be all of the same kind. The first might be alanine, the 
second glycine, and the third any one of the other score or 
so of naturally occurring amino-acids. All kinds of varia- 
tions are possible, and here we have one of the reasons 
for the extraordinary variety which we meet with in the 
proteins. 

Though in theory it is possible to build up “ polypeptide ” 
chains of almost unhmited length, it is found in practice 
that the technical difficulties become more and more 
serious as the size of the molecule grows larger and larger. 
Emil Eischer succeeded in synthesising chains containing 
up to eighteen acids. Dipeptides, tripeptides, and various 
polypeptides are met with among the products of the partial 
sphtting of proteins, but the proteins themselves contain 
perhaps 250 or 500 amino-acids in their molecules and there 
does not seem to be any likelihood of organic chemists 
being able to synthesise them — at least not for a long time 
to come. 

The fact that amide linkages exist in protein molecules 
has in more recent years been confirmed by X-ray analysis. 
X-rays have proved to be a very valuable weapon in the 
analysis of simple crystals, for it has enabled information 
to be obtained about the position of the individual atoms. 
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With experience in the use of the method it has been 
possible to extend it to more comphcated materials, and 
during recent years Astbury and his colleagues have 
applied it to the proteins themselves. The results as far 
as they go confirm and complement the chemical evidence. 
It has been definitely shown that the molecules of certain 
proteins consist of polypeptide chains of which the following 
represents a section : 

. . . NH . CPI . CO . NH . CH . CO . NH . CH . CO . NH . . . 

I I I 

X Y Z 

Regularly along the chain appear various groups denoted 
above by X, Y, and Z. The nature of these groups depends 
on the particular amino-acids which have gone to form the 
peptide chain ; they are simply the groups which must be 
inserted into the simple amino-acid glycine in order to give 
the amino-acids actually found in the protein molecule. A 
chain of glycine units would, of course, carry no side chains 
at all. 

The fact that proteins are derived from amino-acids by 
the simple process of condensation through amide hnkages 
has some rather interesting consequences. In the first 
place it is easily seen that by the use of quite a small number 
of amino-acids it is possible to form an extraordinary 
variety of difierent peptide chains. Thus if we suppose 
that there are available twenty different amino-acids, 
there will be almost 400 compounds each containing two 
of them, almost 8,000 containing three ; whilst the number 
of polypeptides containing ten amino-acids would amount 
to about ten million million. In the case of a chain 
containing twenty units we reach the enormous number 
of about one hundred nfilhon million million million. 
These figures take into consideration only the simple 
peptide chains. In point of fact, the side chains, which 
we represented by the letters X, Y, Z, in the last formula, 
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may tliemselves carry groups whicli can enter into cliemical 
combination, and so make possible further variations. As 
an example we may take the case of the amino-acid lysine, 
which has the formula in Fig. 16 a. When this occurs^ in 
the middle of a polypeptide chain we obtain a configuration 
as in Fig. 16 6. 


NHa . CH . CO 2 . H 

. . . -NH . CH . 

1 

CHa 

CHa 

1 

CHa 

CHa 


1 

CHa 

CHa 

1 

CHa 

1 

NHa 

NHa 

(a) 

(&) 


Fia. 16 . 


Evidently the side chain carries a spare amino group, and 
it is clear that this in turn might be linlced up with the 
carboxyl group of some other amino-acid, perhaps one 
forming the terminal part of a polypeptide chain. The 
whole molecule would then appear branched, and no longer 
be a simple, straight polypeptide. Many modifications 
similar to this are possible, so that altogether a truly 
amazing number of molecules may be formed out of a 
relatively small selection of amino-acids. 

Proteins play a very important role in the economy of 
living organisms, and it is found that most of the more 
remarkable characteristic activities of the living cell are 
associated with the presence of proteins — often of a very 
highly speciahsed type. It is therefore not at all surprising 
that these substances are constructed on a plan which allows 
of extreme variety with relatively limited resources. And 
here another consideration arises. The animal derives its 
protein from its food. Even if the right protein were 
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found, the task of assimilating it and transporting it in 
the animal’s body to the place where it is wanted would 
present considerable diShculty. As things are, an animal 
need only eat a sufficient variety of proteins, break them 
up by digestion into their component amino-acids, and then 
proceed to build up its own proteins where they are wanted 
out of the assorted amino-acids which the blood has 
brought from the digestive tract. 

The existence of animals of the kind we find on earth is 
rendered possible only by this easy method of acquiring 
proteins, a method which depends on the amino-acid chain 
architecture. It must not, of course, be imagined that 
these proteins have been synthesised by the plant for the 
special purpose of providing food for ardmals. The plants 
have built up their proteins on the polypeptide pattern 
presumably because they found it practical and convenient 
to do so. The animals which came along found that the 
plant proteins could easily be split up into simple units 
consisting of amino-acids, which rendered them readily 
assimilable and capable of being used for the building up 
of just those structures which they themselves required. 
For the animals also the easiest plan was to construct 
proteins out of amino-acids by means of peptide linkages. 
If they had adopted some other method of joining them 
up, it is just conceivable that animals might have produced 
proteins — or something equivalent to proteins — which 
woidd have been very difficult to break down into simpler 
units. These proteins would have been useless as food 
for other animals, and man would have been a compulsory 
vegetarian. Animals constructed of such “ resistant 
proteins,” being useless as food, would be immune from 
attack by beasts of prey ; the fact of their non-existence 
suggests that the technical difficulties involved more than 
outweigh the biological advantages. The result is that 
plants and animals alilie have built up their proteins 
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on the same general plan and out of the same amino- 
acids. 

AU proteins, then, are constructed on the same general 
pattern — all are bruit up out of amino-acids joined together 
by peptide hnkages. But this is not the whole story. 
Some proteins, for example, contain a sugar molecule in 
combination with the condensed amino-acids. Others, such 
as haemoglobin, are formed out of two parts, the one being 
a typical protein formed by the condensation of amino- 
acids, the other a completely different structure. These 
modifications super-imposed on the basic polypeptide 
pattern help to increase the variety of form and behaviour 
which the different proteins may exhibit. They are 
particularly useful when a protein is required to perform 
some speciahsed function — such as the carrying of oxygen 
in the blood in the case of haemoglobin. But such modi- 
fications must be regarded as secondary — the polypeptide 
pattern of amino-acids is fundamental. 

Once a general idea of the structure of the protein 
molecule has been obtained by the chemist, the next step 
is to discover its size. But first of aU we have to he clear 
about what it is that we want to measure. In the case of 
ordinary compounds with relatively small molecules, it is 
usually assumed that when the substance is dissolved or 
is in the vapour state, it exists as single molecules, so that 
the particle weight in the gaseous or the dissolved state may 
be taken as the molecular weight. Occasionally this does 
not hold even with simple compounds, but by using a 
variety of solvents such exceptions can usually be detected, 
for, if there is “ association ” of the molecules, this is not 
likely to be the same in all solvents. Now many proteins, 
especially the more important ones, are not soluble in 
solvents other than water, or if they are they deteriorate 
rapidly in solution and cannot be recovered in the original 
state. Thus even if we find the weight of the particles 

82 



MOLEOULAK ARCHITECTURE 

wliicli exist in aqueous solution, we cannot be sure that this 
is really tbe molecular weight. However, it is a very 
important step in the right dii-ection, for the molecular 
weight, if not actually equal to the particle weight, is hkely 
to be some simple aliquot fraction of the latter, such as 
one half or one third. 

There are several methods which may be employed for 
the determination of the particle weight of proteins in 
solution, but the method developed during the last fifteen 
years or so by the Swedish Nobel Prize winner Svedberg is 
simple in principle and of very general appHcabihty. 

It is common experience that if a shovelful of earth is 
stirred up in a pailful of water, the stones in it sink instantly 
to the bottom. Particles of sand may take a few seconds 
to fall out of suspension ; finer particles, chiefly of clay, 
will take a day or so to sediment. Other things being 
equal, the time taken to sediment will be the greater the 
smaller the particles. But it is also common experience 
that, however long we wait, some constituents of the earth 
never sediment out. The water remains brown and slightly 
murky. The reason for this might of course be that this 
suspended material had the same density as water and so 
tended neither to rise to the surface nor fall to the bottom. 
It is quite possible to make suspensions the permanence of 
which depends on this fact, but they are rare. The 
explanation of such permanence is usually a different one : 
particles of a size so small as to be comparable with a water 
molecule are buffeted about in the water by collisions with 
water molecules, and such particles cannot sit quietly at 
the bottom even if they get there. At the best they may 
tend to collect at the bottom end of the pail, but their own 
jerky “ Brownian ” movements (visible evidence of the 
perpetual thermal agitation of matter) will not allow them 
to settle down permanently. 

Whether any particular suspension will sediment or 
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remain in this equilibrium state depends on several factors, 
suob as the size of the particles, the gravitational force, 
and the relative densities of particle and fluid. A suspension 
stable on this earth might sediment if it were transferred 
to the surface of the planet Jupiter, where the gravitational 
force is almost three times as great. Now if we are 
presented with a stable suspension of very minute particles 
such as a protein solution we cannot of course take it to 
Jupiter in order to make it sediment, and so by measuring 
its rate of settling out obtain information as to the average 
size of the individual particles ; but we can produce an 
equivalent result in a somewhat difierent way, namely, by 
making use of the so-called centrifugal force. 

If we swing round a corner rapidly in a car, we tend to 
be flung outwards ; a fl3r(vheel running too fast may burst 
as the result of the enormous force with which the quickly 
revolving parts tend to fly ofi. If we attach the vessel 
containing our suspension to such a flywheel, it will experi- 
ence the same effect as if it were in an intense gravitational 
field. With a fixed radius the strength of the field will 
increase with the square of the speed of the rotation, so 
that, with high speeds, enormously strong fields can be 
produced. The ordinary centrifuges of the laboratory 
rotate at a few thousand revolutions per minute. This 
results in the production of fields of about a hundred 
times the force of gravity. They are able to bring about 
the sedimentation of most of the ordinary materials such 
as cells or bacteria, though, of course, the time required 
depends on the size and density of the particle. 

But the particles present in most protein solutions are 
much smaller and show no tendency to sediment in an 
ordinary centrifup. Svedberg therefore designed, and had 
constructed in his laboratory in Upsala, what is called an 
ultra-centrifuge — which is essentially only a centrifuge, 
working at a much higher speed than an ordinary one. His 
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machine could revolve at a speed producing fields up to 
200,000 times that of gravity. Naturally the engineering 
difficulties in the construction of these machines are 
considerable and naany problems of detail crop up in carry- 
ing out the actual experiments, but the principle involved 
is simple and relatively straightforward. 

This ultra-centrifuge method of Svedberg has now been 
applied to many difierent proteins. It may be mentioned 
that by suitable calculations some information can be 
obtained about their shapes as well as their sizes : whether 
they are approximately spherical or more like plates or 
rods. It is found that in the case of some proteins the 
particles are not all of the same size, but. vary over a 
considerable range. This is shown by the fact that the 
particles in such a solution do not all fall at the same 
speed ; gelatine and casein belong to this group. However, 
many proteins are found to dissolve in water to give solu- 
tions the particles of which are of very uniform size. Of 
these proteins two main types may be distinguished. 
There is a group of “ giant ” proteins which form relatively 
large particles, the weights of which are one to ten million 
times that of a hydrogen atom ; that is to say, these 
particles appear between point 6 and point 7 on our scale 
of sizes (p. 10). An important member of this group is 
the copper-containing substance haemooyanin, which per- 
forms much the same function in crabs and snails as 
haemoglobin does in the higher animals. Of the proteins 
of the second type the particles vary in size from 34,000 
to several hundred thousand times that of the hydrogen 
atom. Table II summarises some of the results. 

A very curious and unexpected fact emerges jfrom this 
table. All the proteins of the second group have particles 
which are either of weight approximately 34,500 or some 
simple multiple of this — twice, three times, or six times the 
basic weight. ’ We must remember that these proteins 
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are of very different types and have very varied sources. 
There is no obvious reason why their particle weights 
should be related to each other at all. It is as if we picked 
a large quantity of fruit of every conceivable kind and then 
found that for some mysterious reason they all weighed 
either one, two, three, or sis ounces, no intermediate weight 
ever being observed. It would be indeed surprising if 
apples, pears, and plums all had the same weight, but in 
the realm of the proteins this extraordinary situation is 
realised. There is httle doubt that this fact is of deep 
significance, if only we could see its meaning. 

Table II. — Some Proteins and their Particle WEiGim 


Protein Particle Weight 


Insulin 

34,500 

Egg albumin 

34,500 

Ha3moglobm 

68,000 

Serum albumin 

68,000 

Serum globulin 

103,800 

Amandin . 

208,000 

Edestin 

208,000 

Hinmocyanin (crab) 

2,000,000 

HoE'mocyanin (snail) 

5,000,000 

Crystalline viruses 

ca. 20,000,000 


Of the common proteins, then, a large proportion form 
solutions containing particles with weights either 34,500 
tunes that of a hydrogen atom or some simple multiple 
of this. 

But how should we picture a typical protein in solution ? 
Let us take for example egg albumin, the chief protein 
present in the white of an egg before it is cooked. The 
results obtained by means of the ultra-centrifuge show that 
we must think of a solution of this protein as containing 
an enormous number of particles each really very sTnali , 
though large as compared with the molecules of water by 
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whicli they are surrounded. Each protein particle will in 
fact weigh about 34,000 times as much as a hydrogen atom 
or nearly 2,000 times as much as a water molecule. The 
ultra-centrifuge measurements also show the particles to be 
approximately spherical in form, so that their linear dimen- 
sions will be about twelve times those of a water molecule. 
These small protein particles are all very much alike. This 
follows, not only from the unifornaity in their size, as demon- 
strated by the ultra-centrifuge, but also from the character- 
istic and unvarying behaviour of solutions of egg albumin. 
There is also the important fact that in certain circumstances 
the protein separates from solution in a crystalline condition. 
Now we have learned to recognise the crystalline state as 
specially characteristic of pure, homogeneous substances, 
though, in the case of large molecules such as those of 
proteins, we cannot without reservation apply the principles 
we have learned from our experience with the simpler, 
smaller molecules of ordinary crystalline substances. 

However, the various hues of evidence all go to indicate 
that the particles of a protein are constructed on a uniform 
plan, and are all extremely similar to one another. It is 
usually assumed that they are identical. 

With regard to the details of their structure, we have 
seen that they consist of a large number of amino-acids 
joined together by peptide linkages. From our knowledge 
of their weight it may be calculated that even in the 
simplest case each particle contains about 300 amino-acid 
molecules. 

We know that these protein particles are relatively un- 
stable structures, and are easily altered by heat or by 
treatment with chemicals or vigorous shaking. They lose 
their power of crystallising and become much less soluble 
in water. We all know, for example, how egg white 
changes when it is boiled or whipped. The name de- 
naturation is given to this change, and it is an important 
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and cliaracteristic feature of many proteins of biological 
importance that they undergo this curious alteration. We 
may infer that those proteins wMcb undergo this change 
possess a very complicated and dehcate structure. Perhaps 
we may best think of it as a three-dimensional arrangement 
of polypeptide girders, built up on some definite though 
comphcated plan. These girders bear projecting arms — 
the side chains of the polypeptides — some of which may 
be free, but others may be connected together so as to 
give greater rigidity to the structure as a whole. Perhaps, 
as Miss Dorothy Wrinch has suggested, the “ girders ” are 
not straight, but are twisted into more or less flat rings, so 
as to form a two-dimensional structure with the side chains 
sticking up (or down) from this. Several ways are con- 
ceivable of effecting a “ cycHsation ” of this type, but the 
“ cyclol ” structure shown in Pig. 17 has certain attractive 
features, though the evidence for its existence is as yet 
rather indirect. 

But whatever the details of the architecture, the structure 
of a protein is somewhat loose and flimsy, and when sub- 
jected to increased stresses as the result of more violent 
thermal agitation — in consequence of a rise of temperature 
— some of the connecting links snap and the structure 
collapses. On this view, the resulting “ denatured protein ” 
would be a mass of girders, arranged more or less parallel 
to one another, no longer exhibiting the peculiar properties 
of the origmal structure, though little if at all altered in 
chemical composition. This interpretation of the process 
of denaturation is suggested by the recent work of Dr. 
W. T. Astbury of Leeds, who has examined by means of X- 
rays the structure of proteins before and after denaturation. 

However, our knowledge of the structure of these complex 
and dehcate particles is still in a very rudimentary state. 
Let us consider for a httle a somewhat different type of 
protein. Ever since man became civihsed he has clothed 
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himself with garments fabricated out of vegetable fibres 
or wool, or, if he were particularly fortunate, out of silk. 
Wool is a variety of mammalian hair and silk is produced 
by the silkworm, so that both of these substances are of 



Fig. 17. — Possible pattern of protein structure according to D. Wrinch. 
# signifies N atom, O signifies C(OH) group with OH directed up- 
wards, @ signifies C(OH) with OH directed downwards; O is a 

CH(R) with side chain E directed outwards, and 0~ is a similar group 
with R directed upwards. 

(By permission from B. Wrincli, Proceedings of the Eoyal Society.) 

g-nima.1 origin. It has been long known that both consisted 
of protein : wool of a rather peculiar, very insoluble 
protein called keratin containing relatively much sulphur ; 
silk of silk fibroin. By means of X-ray examinations, 
Astbury has recently been able to indicate in what way 
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the pol3?peptide chains are arranged in these fibres. Silk 
is the simpler case, for here, it would seem, the polypeptide 
chains are simply arranged lengthwise along the fibre. 
We are to imagine these long molecular threads as some- 
thing like the separate fibres in woollen yarn ; each one is 
very long and carries numerous side groups sticking out from 
it, so that it inevitably becomes interlocked with its neigh- 
bours ; the result is a very strong fibre, only slightly elastic. 

The structure of a hair, however, is rather different. 
A hahr is very elastic, especially if suitably steamed. X-ray 
photographs show that the stretched and unstretched 

NH— CO NH— CO 

/ \ / \ 

CHE CHE CHE CHE 

'^CO NH ^ 

\ \ 

CO — CHE— CO 

{a) Unstretclied. 


NH CHR CO NH 

\./\/\ /\/\ 

CO NH CHE C 

(6) Stretched. 


CHR CO 

\ /\/ 
NH 


Fig. 18, — The molecular structure of hair according to Astbury 
[a) unstretched, (b) stretched. 


fibres have quite different structures. The former is found 
to be rather like silk and consists of long parallel poly- 
peptide chains, but the unstretched hair contains mole- 
cules which are shorter along the axis of the hair. It seems 
that when the stretched hair is allowed to shorten, the 
molecules curl up so as to resemble spiral springs. In 
fact, we may conveniently think of an ordinary hair as 
being composed of very large numbers of these molecular 
springs. But it appears they are not entirely independent. 
Each spring, being a protein molecule, carries numerous 
side chains which we may imagine sticking out from the 
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coils of the spring. By means of these side chains, hut 
especially through the sulphur atoms (we have already 
mentioned that keratin is rich in sulphur), the springs are 
tied together laterally, so as to form what is really a three- 
dimensional structure. These side linkages, in fact, prevent 
the springs lengthening and contracting freely, but treat- 
ment with steam tends to break them open ; hence the 
increase in elasticity on steaming. However, they re-form 
once again when the steam is removed, and so if stretched 
hair is very well steamed so as to break down most of the 
linlfages, and kept in the stretched condition, it will become 
fixed in that form. 

These facts enable us to understand certain properties 
of wool and hair which are of great importance in everyday 
life. For example, flat pieces of woollen cloth, by the use 
of water and hot irons may be stretched and permanently 
fixed in new shapes. This is of great importance in the 
tailoring industry, for it enables three-dimensional garments 
to be made out of two dimensional cloth. It depends on 
the fact that the side linkages in the keratin springs may be 
loosened and re-established in new configurations. We 
are also in a position to explain the process of hair waving. 
To make a hair previously straight adopt a curved form, 
it is necessary to cause one side to become longer than the 
other, and if the wave is to be a permanent one, to fix it 
in this position. The hair is therefore stretched in the 
required form and then treated with hot water or steam 
until the springs free themselves. They are then allowed 
to become fixed again, but this time in the new position ; 
the result is the permanent wave. 

The shrinkage of wool and woollen clothes involves a 
sHghtly different point. It can be shown that in ordinary 
hair or wool the protein springs are not completely con- 
tracted but are fixed by the cross-linkages in a partially 
extended condition. It follows that when those linlcages 
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are loosened — by, for example, tbe action of hot water or 
steam — ^the springs will contract ; in other words the hair 
or wool fibre will assume its shortened or “ supercontracted ” 
state. Thus we have the explanation of a phenomenon of 
which most of us are at times only too painfully aware — 
the shrinkage which woollen goods so often undergo when 
they first visit the laundry. 

It will thus be seen that the hair keratin exists in three 
distinct forms. In the ordinary state the coiled protein 
springs are partially but not completely extended. In 
this form the protein is called a-keratin. When the hair is 
completely extended the protein molecules form chains 
approximately straight and the protein is called /3-keratin ; 
extended hair is rather similar in structure to silk fibre. 
Finally we have hair in the supercontracted state, in which 
the molecular springs are at their shortest — this last type of 
keratin is present in shrunken wool. 

Ordinary muscles consist of long cells containing large 
numbers of fine fibres running along their length. These 
have the peculiar property of contracting to a half or a 
third of their length when a suitable stimulus is applied. 
(See Plate III. ) This contractility of muscle is of the greatest 
importance for the hfe and activity of the higher organisms 
and it is one of the major objects of biochemistry to find 
out how it is done. The muscle fibres contain a very 
special type of protein called myosin, and recent X-ray 
work has shown that in relaxed (uncontracted) muscle the 
myosin molecules have the same type of structure as the 
a-keratm of ordinary hair, that is to say, they consist of 
spiral springs in a partially extended state. In contracted 
muscle the springs are found to be present in their fully 
shortened condition. It thus appears that the contracted 
state of muscle fibre corresponds to the supercontracted 
state of hair and wool. The chief difference between 
ordinary hair and an uncontracted muscle is that in the 

92 



MOLECULAR ARCHITECTURE 

former the partially extended springs are fixed in this 
condition by the system of side linkages, whereas the mole- 
cules of muscle myosin are free to contract whenever the 
appropriate stimulus is applied. 

Evidently we have succeeded in some measure in inter- 
preting the properties of hair and muscle in terms of their 
structure — at least a beginning has been made in solving the 
problem and a connection has been established between 
the ordinary mechanical properties on the one hand and 
the molecular architecture on the other. Much more work 
will be required to extend these discoveries — ^to elaborate 
them in detail and to give them a quantitative and not 
merely a qualitative character. But even these preliminary 
results are of very great theoretical interest and, we may 
be confident, wiU ultimately show themselves of high 
practical importance as well. For great advances in 
technology largely depend on the progress of “ funda- 
mental ” research. 
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GIANT MOLECULES 

Nature is really at heart a comfirmed opportunist. There 
is no device which she scorns to use as long as it will give 
the desired results. Wasteful prodigality, savage inter- 
necine struggle, slothful parasitism, we come across them 
all in abundance. There is no general moral principle to 
be perceived in aU this interesting, lurid picture of animate 
nature, often “red in tooth and claw,” but always re- 
sourceful and infinitely varied. The only principle, indeed, 
to be perceived through all the confused medley is that 
of the extreme empiricist— that “nothing succeeds like 
success.” The plants and animals which are best suited to 
their circumstances best survive. This elementary necessity 
is often called the “ principle of Natural Selection.” 

The fittest animals survive and propagate their kind ; 
they become numerous on the earth. But the whole 
animal includes all its parts, its anatomical structures, its 
special ways of functioning, all the particular mechanisms 
and pecuhar devices which render it unusually efficient in 
the struggle. And the composition and structure of the 
hving organisms we see in the world to-day is the aggregate 
result of all this confused interplay of forces, a curious 
collection of forms of the most varied type, in deciding 
the details of which, sheer blind chance has often played 
a decisive role. 

An animal body is, indeed, rather like the British 
Constitution. In many respects it may be somewhat illogical 
and out of date, bristling sometimes with all sorts of 
anachronisms, rehes of an age that has passed away. But 
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it works — ^that is its only excuse for surviving. However 
peculiar or unnatural a device may seem, it kas its place 
and is welcome as long as it gives the right results. 

In the light of these considerations it would scarcely be 
expected that hviug bodies should always keep strictly to 
any general principle — either in regard to their construction 
or their function. They have developed as a language 
develops : whatever form is convenient or effective tends 
to be adopted. And as we know, some of us to our cost, 
in grammar there are usually exceptions to every rule. 
It is similar in the case of hving matter. It is dangerous 
to make generahsations or lay down rigid principles. 
Somewhere or other in the immense variety of nature we 
may suddenly be confronted by some unexpected exception 
to perhaps the most rehable law. 

But in spite of this unmanageable prodigality of life, 
we do find that certain general ideas or principles are met 
with over and over again. In the last chapter we have 
seen how proteins are built up of a comparatively small 
number of simple units, the amino-acids. This notion of 
forming large structures out of many small units is obviously 
a very effective one. Man has long ago discovered how to 
make use of it. He constructs his houses out of bricks, his 
ships out of wooden planks or steel plates, his hedges out of 
separate shrubs. It would be surprising, therefore, if 
nature had not made repeated use of this same idea. 

We have all learned that the three main types of food- 
stuffs are proteins, carbohydrates, and fats. Proteins, we 
have seen, are built up by a process of condensation from 
simple units. It is interesting to find that carbohydrates 
are constituted on an exactly similar plan, there being only 
one fundamental difference. The unit is no longer the 
amino-acid molecule but an altogether different one, namely 
the molecule of a simple sugar. 

The sugar which most of us know best is cane sugar, 
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obtained from the sugar cane. Exactly the same chemical 
substance is obtained from the sugar beet — the only 
difference possible between purified cane and purified beet 
sugar is that the small traces of admixed impurities still 
contaminating them may not be the same m the two 
cases. But cane sugar is only one out of many different 
types of sugar which occur in nature. Another is that 
which is found m grape juice and so is called grape sugar 
or glucose. Actually glucose is the sugar most frequently 
met with in the animal organism, and, as we shall see, it is 
of great importance iu plants as well. It resembles cane 
sugar in many ways ; hke the latter it is very easily soluble 
in water, the solution having a sweet taste. It differs, 
however, in that it is not easily obtamed in an obviously 
crystalhne form, though under certain conditions it may 
be prepared as a fine crystalhne powder. When glucose 
is analysed it is foimd that its molecule contains six atoms 
of carbon, twelve of hydrogen, and six of oxygen, and its 
formula is accordingly C6Hi206. It can be shown that its 
structure is in the form of a ring and may be represented 
as follows ; 


OH. OH 

/X 

HO.CH OH. OH 


HO. OH CH.CH2.OH 

\/ 

0 


It win be seen that the ring contains five carbon atoms and 
one oxygen atom. The valencies of the carbon atoms not 
required for the ring are utihsed to join on the remaming 
carbon atom and also the hydrogen and oxygen atoms, the 
latter in the form of hydroxyl groups. 

Now let us consider for a moment a simple compound 
which contains a single hydroxyl group, say ethyl alcohol, 
already mentioned as having the formula CH3 . CHg . OH. 
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We may readily imagine that two of these molecules 
might combine together in this maimer : 

CH3 . CHa . OH CHs . CH^ 

\ 

0 + 


CHs . CHs . OH CHs . CHs 

The product consists of a new substance containing a single 
atom of oxygen, the other having been ehminated as part 
of a molecule of water. This reaction can actually be 
carried out, and indeed the product is none other than 
the well-known anaesthetic, ether, so often used in surgery 
along with the more powerful, but more toxic, substance 
chloroform. The process of preparing ether from alcohol 
may be compared with the combination of two amino-acids 
to form a peptide containing an amide link age, which also 
takes place with the elimination of water. The idea may 
be at once extended to the case of two sugar molecules. 
Two hydroxyl groups, one from each molecule, may go 
together with the elimination of water, and in this way a 
new compoimd is obtained, as shown in the following 
equation (Fig. 19) : 


CH.OH 

/ \ 

HO.CH CH.OH 


+ 


CH.OH 

/ \ 

HO.CH CH.OH 


HO.CH CH.CHoiOH 

\ / i 


0 


O.CH CH.CH,OH 

V ■ 

CH .OH CH . OH 

/ \ / \ 

HO.CH CH.OH HO.CH CH.OH 

II II 

HO . CH CH . CH, . 0 . CH CH . CH„OH 

O 0 

Fig. 19. 


+HsO 


It is evident that, beginning with two molecules of 
glucose, we may combine them in a large number of 
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difierent ways, for we may select any ■one of tke Eve 
hydroxyl groups of molecule number one and combine it 
with any one of the five of m'olecule number two. It is not 
difficult to show that this would give us fifteen distinct 
compounds, all of which would contain twelve carbon 
atoms, twenty-two hydrogens, and eleven oxygens. How- 
•ever, there are actually many sugars other than glucose 
which have the formula C6HX2O6. All of them resemble 
each other in a general way, but each has its own character- 
istic properties. If two molecules of any of these sugars 
combine together — ^the two molecules may be of different 
types — through their hydroxyl groups, in the way just 
described, with the loss of a molecule of water, we obtain 
a compound of the formula C'i 2 H 220 xi. Evidently, there- 
fore, an enormous number of sugars of this formula are 
theoretically possible. Being formed from two molecules 
of simple sugars (or “ monosaccharides ”) they are called 
disaccharides. 

A large number of such disaccliarides are actually 
found to exist in nature. Amongst them is our old friend 
cane sugar. The cane sugar molecule breaks up when 
the substance is heated with acid into the two simple 
sugar molecules from which it was originally formed. One 
of these is glucose ; the other is a somewhat different sugar 
called fructose. Thus cane sugar is a disaccharide formed 
from glucose and fructose by the elimination of water. 

A great deal of patient and laborious work was required 
in order to ascertain how these two sugars are combined 
together, but now this problem has been completely 
solved. We need not concern ourselves here with the 
details. 

Just as the simple sugars contain a number of hydroxyl 
groups in the molecule, so, too, do the disaccharides. 
Clearly, then, we may add on to them a third molecule of 
simple sugar with the ehmination of water, so as to produce 
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a trisaccharide, containing eighteen carbon atoms, thirty- 
two hydrogens and sixteen oxygens. 

These trisaccharides, of which quite a number are found 
in nature, closely resemble the disaccharides and the simple 
sugars in their general properties. Like them, they may 
be combined with another sugar molecule and in this way 
we obtain compounds containing twenty-four carbon atoms. 
Clearly this process may be repeated again and again, the 
molecule becoming larger and larger at each successive stage. 
As might be expected, the resulting compounds of high 
molecular weight no longer possess the tendency to crystal- 
hse which is often shown by the simpler sugars ; they 
are less easily dissolved in water, and they do not possess 
the characteristic sweet taste. 

Some of the representatives of this class of polysaccha- 
rides, as these compounds of relatively high molecular 
weight are called, are important and familiar substances. 
Starch, for example, is a carbohydrate, which may be 
broken down completely into glucose. Its molecule 
consists probably of twenty-six to thirty glucose mole- 
cules, combined together in the form of a long chain by the 
loss of a number of molecules of water as already described. 
Starch is a characteristic product of plant life. In the 
animal body there is found an analogous substance called 
glycogen. Here again the molecule consists of a chain 
of glucose molecules hnlced together in very much the same 
way as in the case of starch, the chief dijfference being 
that the length of the chain is shorter, a molecule con- 
taining only about twelve glucose units. 

Another carbohydrate of great commercial importance 
is cellulose, the major constituent of wood and famihar to 
us aU in a somewhat impure state in the form of paper. 
Gotton-wool is almost pure cellulose. When broken up 
by suitable methods, cellulose yields nothing but glucose. 
The striking difference in properties between starch and 
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cellulose — ^in particular the extreme insolubility and 
inertness of the latter as compared with the former — 
depends on the fact that in cellulose the chains of glucose 
units are much longer. Here, as many as a thousand 
or more glucose molecules may be combined together to 
form one long fairly compact chain. It is its enormous 
size that accounts for the insolubility and relative inertness 
of the cellulose molecule. 

It must not be thought from these examples that all the 
complex carbohydrates consist of condensed glucose. The 
tubers of the dahlia plant contain a carbohydrate called 
inulin which when broken up yields nothing but fructose, 
the simple sugar already met with as a constituent of cane 
sugar (p. 98 ). Other complex carbohydrates found in 
nature contain more than one kind of simple sugar in their 
molecules, whilst in some the fundamental units do not 
contain six atoms of carbon and possess the formula 
CeHi20e, but five carbon atoms, with the formula C5H10O5. 
However, in spite of all this variety in detail, the general 
plan of the architecture of all these substances is essentially 
the same. 

We thus see that just as amino-acids are combined to- 
gether to yield polypeptides and ultimately proteins, so 
simple sugar molecules combine to form disaccharides, 
trisaccharides, and finally complex carbohydrates such as 
starch and cellulose. However, whilst many proteins are 
unstable, highly reactive substances playing a vitally 
important role in the essential activities of the living cell, 
the complex carbohydrates are in general relatively stable, 
inert substances not capable of taking part directly in 
living processes. What, then, is their function ? Most 
of them are storage materials. With the help of sunhght 
the plant synthesises sugar from carbon dioxide during the 
summer, and must keep it in a convenient form until it 
may be required. It therefore condenses sugar molecules 
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together into the relatively stable — but not too stable 
insoluble product which we call starch, and from which the 
original glucose may be easily obtained again just as it is 
wanted. 

The case of cellulose is somewhat difierent. Its peculiar 
chemical inertness and great insolubility fit it well for the 
purpose it serves in the plant of acting as a structural 
material. 

In the two examples which we have so far examined, the 
proteins and the carbohydrates, condensation into large 
aggregates proceeds with the loss of molecules of water. 
It is possible, however, for the same general principles to be 
applied in another way. Let us consider the very im- 
portant case of rubber, a natural product which has acquired 
extreme economic and industrial importance. This sub- 
stance is obtained from a tree in the form of a sap or latex, 
which is essentially a suspension of fine particles or droplets 
of the crude rubber in water. By a suitable process these 
minute particles are caused to aggregate and coalesce 
together, and the raw rubber is thus obtained in the form 
of a tough, elastic mass, which readily swells and dissolves 
in such liquids as benzene. When this raw rubber is 
heated with a small quantity of sulphur under suitable 
conditions, it gradually alters in its properties, beconaing 
harder, less soluble, and much more durable. It was the 
discovery of vulcanisation, as this process is called, which 
made it possible to use rubber in so many different ways, 
and especially as a material for tjres. 

When rubber is heated it is decomposed into a compound 
called isoprene, which has the constitution 
CH2=CH-C=CH, 

I 

OH, 

and which is a liquid of low boifing-point with the character- 
istic smell associated with burning rubber. Isoprene is 
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quite a reactive substance, and under suitable conditions, 
for example, when beated in the presence of sodium, it 
readily combines with itself to form long chain molecules. 
This power of combiuing with itself depends on the presence 
in isoprene of the two double bonds, for it is these which 
account for the reactivity of its molecules. Let us write 
two isoprene molecules as follows : 

CH,=CH-C=CH, CH, =CH-C=CH2 

! “ I 

CH, CH, 

By the transference of a hydrogen atom from one mole- 
cule to the other and a rearrangement of the bonds, it is 
easily seen that we obtain a molecule containing ten carbon 
atoms and three double bonds. Now another isoprene 
may be added on to the end of this double molecule so as 
to produce a still larger structure containing fifteen carbon 
atoms and four double bonds : 

CH,=CH -C=CH -CH, -CH, -C=CH -CH^ -CH^— C =CH, 

I " I I “ 

CHg CH, CH, 

By the repetition of this process of condensation again 
and again, always adding on new molecules at the end of the 
chain, longer and longer molecular threads are produced. 
This process is rather like that by which polypeptides and 
proteins are formed from amino-acids or polysaccharides 
from simple sugars. It differs from these, however, in 
one important respect. No molecule of water or any other 
substance is eliminated during the condensation process — 
the resulting substance gives on analysis exactly the same 
results as the original compound, for it contains the same 
relative number of carbon and hydrogen atoms, only the 
.molecule is many times the size of the original one. 

This process of direct condensation is known as “ poly- 
merisation ”, and it is met with, not only in the laboratory 
and in industry, but also in nature. There is little doubt, 
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for example, tliat tiie raw rubber present in the sap of the 
rubber tree is produced from the polymerisation of simple 
isoprene molecules in the way we have pictured above. 
Natural unvulcanised rubber, in fact, is to be thought of 
as consisting of long molecular threads of carbon atoms, 
carrying hydrogen atoms and an occasional methyl group, 
and all twisted and matted together rather like the in- 
dividual hairs in a mass of felt. 

But in this instance, what can be done by the plant can 
also be done by the chemist in the laboratory. Substances 
like isoprene can be manufactured on a large scale and with 
relatively small cost from various natural products, in- 
cluding ordinary starch. When these compounds are made 
to polymerise under controlled conditions the result is a 
product very similar to natural rubber. As we all know, 
this production of synthetic rubber is an achievement of 
extreme industrial, and even poHtical, importance. It 
happens that rubber trees can be cultivated satisfactorily 
only in certain moist tropical countries. The nations 
which have no control over these rubber-producing countries 
are therefore dependent for their supphes of natural rubber 
on those which do. It is small wonder, then, that in- 
dustrialised countries like Germany and Russia have 
concentrated much effort on the development of the 
manufacture of synthetic rubber on a commercial scale. 
In consequence the production of synthetic rubber 
has increased during the past ten years by leaps and 
bounds. 

At the present time this development of the manufacture 
of synthetic rubber, like the production of oil feom coal 
and so many other industrial developments of the past few 
years, is undoubtedly uneconomic and artificial, for it is 
possible to purchase crude natural rubber in the open 
market at prices considerably below the cost of manu- 
facturing the synthetic article. Of course this may not 
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always be so, for we may anticipate that further scientific 
discoveries will reduce the manufacturing costs on the one 
hand, whilst it is quite possible that with rising standards 
of hving in the populous tropical countries where the 
rubber estates are situated, the cost of the natural product 
will increase. Indeed, it has been calculated that, even 
at the present time, if allowance be made for the price of 
certain useful by-products obtained in the course of manu- 
facturing synthetic rubber, then in terms of acreage of 
ground required to produce the necessary starch and in 
terms of human labour as opposed to wages, the manu- 
factured article is actually the cheaper. 

However, these considerations do not alter the fact that 
at the present time the cheapest source of ordinary rubber 
is the rubber plantation. But the manufacturer has at 
least one trump-card up his sleeve. He can produce not 
only ordinary rubber but many other kinds besides. For 
it happens that the process of polymerisation can be 
appHed not only to isoprene but also to many closely related 
compounds. One of these, for example, is called buta- 
diene, and has the formula CH2=CH— CH=CH2. This 
polymerises to give a product which differs little from that 
yielded by isoprene (the German synthetic rubber “ Buna ” 
is polymerised butadiene). Isoprene is really a methyl 
butadiene, that is, butadiene in which a hydrogen atom is 
replaced by a methyl group. If we replace the hydrogen 
by chlorine instead of by methyl we obtain a chloro- 
butadiene (“ chloroprene ”), and this too polymerises to 
give a rubber-hke product, sold commercially as “ Duprene ” 
or “ Neoprene.” However — and this is the important point 
— the product is not quite the same as natural rubber. It 
can be vulcanised, but it has properties not possessed by 
the latter. In particular, it is more resistant to many 
chemical reagents. Thus Neoprene is superior to natural 
rubber for certain purposes and so, quite apart from the 
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question of price, its production marks a real economic 
advance. 

We see, then, that there are many varieties of rubber, 
all belonging to one large family of substances. Their 
similarity in properties, however, is one which depends 
not on chemical composition but on the possession of a 
common thread-like type of molecular architecture. All 
these rubber-like substances are formed by the polymerisa- 
tion of butadiene or some closely related compound ; 
from any one of these we can obtain a whole series of 
poljnnerides, as these condensed substances are called. In 
those which are first formed, the molecular threads are 
comparatively short, whilst xmder other conditions the 
process of condensation proceeds further and the individual 
molecular fibres are then very long, and may contain as 
many as a thousand isoprene or butadiene units. The 
properties of this molecular “ felt ” or “ cotton-wool ” will 
naturally depend very much on the length of these separate 
fibres. When these are not too long, the substance dissolves 
readily in organic solvents such as benzene to form rela- 
tively mobile solutions, but when the threads are very long 
the substance dissolves very slowly, and the resulting 
solution is viscous and sticky. It is easy to understand 
that the long threads spread throughout the benzene have 
the same effect as a mass of shmy filamentous fungoid 
growth in a pool of water, the hquid being difficult to stir, 
and showing a great tendency to form fine threads such as 
we observe with a rubber solution when pulled out. 

This gives us a picture of raw, unvulcanised rubber, and 
the closely related synthetic materials. But how are we 
to explain vulcanisation in terms of atoms and molecrdar 
structure ? For long this important manufacturing process 
was purely empirical and not at all understood. The 
process is a rather remarkable one. The rubber is heated 
with as httle as 0-5 per cent, of sulphur, and the change 
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in physical properties which, ensues is most striking. It is 
still elastic, but much more rigid and solid. It does not 
melt so readily on heating. In particular, it no longer 
swells so as ultimately to dissolve in solvents such as 
benzene. It may indeed swell a Httle, but it retains its 
original shape and refuses to go into solution. How can 
the trace of sulphur make all this difference 1 

To answer this question we recall the picture of raw 
rubber, a mass of long fibres all matted together, but each 
really free and separate from the others. It is easy to see 
that this felted mass can be converted into a much more 
rigid structure in a very simple way. All that has to be 
done is to knot together the fibres here and there through- 
out the mass. Superficially there will not seem to be very 
much change. The material will still be soft and elastic, 
but we shall find it much more difficult or even impossible 
to tease it apart. A relatively small number of knots 
will hold it together and give it a certain rigidity and 
compactness. 

This gives us some notion of the kind of change which 
takes place during vulcanisation. The long molecular 
threads become Imotted together. They are no longer 
free to work loose from each other, to separate out from 
the felt. Consequently the rubber no longer swells and 
dissolves in organic solvents. The few knots keep it 
together, and it is thus converted into a relatively hard, 
rigid, durable, but still highly elastic material. 

And so the function of the sulphur must be to tie 
together the separate molecular fibres — not in any system- 
atic order, but simply to make a Unlc here and there at 
random between different fibres which happen to be near 
each other. 

It is not difficult to guess how this linking of the mole- 
cular fibres by sulphur takes place. As we have seen, each 
fibre contains a large number of double bonds which occur 
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at intervals tkrougliout its wliole length. Double bonds 
always tend to be reactive, and in particular they react 
readily with sulphur. The atom of sulphur can thus 
function as a connecting hnk between two threads, after 
reacting with them in some such way as this : 


CH S 

CH 

CH- 

■CH 

11 

II 

1 


CH S 

CH 

CH 

H 


It will be remembered that in discussing proteins (p. 92), 
it was explained that myosin, the protein present in muscle 
fibres, closely resembles ordinary unstretched hair in its 
structure, and that the myosin in contracted muscle was 
comparable to hair keratin in its supercontracted or 
shrunken state. Ordinary hair, however, is unable to 
contract because the protein chains which compose it are 
fixed in position. This fixation is brought about mainly 
by the presence of hnkages between one coiled keratin 
molecule and the next, the linkage being, usually through 
an atom of sulphur. A certain rigidity is thus introduced 
into the whole structure and complete contraction can 
take place only when these constraints are loosened. It 
will be seen that there is a strong analogy between the 
keratin molecules so fixed and rubber which has been 
vulcanised — an analogy which extends to the fact that in 
both cases the connecting Hnkages are made of sulphur 
atoms. As Astbury has suggested, hair would seem to be 
essentially “ vulcanised muscle fibre.” 

It is only within recent years that we have begun to 
reahse the great commercial possibilities of the processes 
of condensation and polymerisation, and of the giant 
molecules which are thereby produced. Nature for 
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countless ages has made use of these simple reactions for the 
purpose of storing food-stuffs and fabricating structural 
materials such as cellulose. Man has become aware that 
he too can put these reactions to good use, and in conse- 
quence an enormous amount of investigation has recently 
been carried out on the subject. In the course of this work 
all sorts of curious and interesting products have been 
prepared — ^from the artificial rubber already mentioned 
through various elastic and plastic materials to artificial 
glasses, as well as electrical insulating materials of unique 
quality. Some of these substances have already attained 
great commercial and technical importance. There is, for 
example, the group of bakelite resins, formed by the 
condensation of phenol (carbolic acid) and formaldehyde, 
the simple compound of formula CH2O commonly met 
with in the form of its aqueous solution, formalin. It is not 
necessary here to enter into the details of the reaction 
that takes place. The underlying idea is one with which 
we are already so familiar — the stepwise building up of a 
big molecule from, a large number of similar components. 

The structure of these phenol-formaldehyde resins 
reminds us of a common children’s toy called pic-a-brick. 
This consists of a large number of wooden blocks, each 
having a hole in each of its six sides. Small pins are 
provided which fit exactly into the holes, and any two 
blocks can be joined together by means of a pin. By means 
of another pin we may now join on a third block, and we 
may extend the chain of blocks as far as we please, one 
pin being required for each join. If we hke, we may have 
branches in the chain, and even complicated three- 
dimensional structures may be built without difficulty. 
Obviously the more cross-linkages we put in, the more 
stable and rigid will be the structure. 

In the bakehte resins we are to think of the wooden 
blocks as representing the phenol molecules, and the small 
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p ins the formaldehyde. For it happens that the formalde- 
hyde readily pins together two phenol molecules according 
to the following equation : 

The exact course of the reaction, whether we obtain simple 
straight chains or branched ones, or more complicated rigid 
three-dimensional structures, depends on the precise 
conditions employed. Thus even with the same starting- 
out materials, a considerable variety of difEerent products 
may be obtained. 

But, of course, it is possible in practice to condense 
many other compounds together into large molecules 
besides phenol and formaldehyde. Consequently the 
manufacturer is able to produce an amazing variety of 
synthetic resins, of plastic and elastic materials, of glasses 
and insulators each possessing some special property or 
group of properties. The nature of the product depends 
primarily on three things : the land of starting-out 
material employed, the size of the large molecules produced, 
and finally the shape of these latter — ^whether, for example, 
long chains or three-dimensional structures. With in- 
creasing knowledge and experience, it becomes ever more 
possible to produce just the type of material which is 
desired. 

But it must be remembered that, in addition to these 
purely synthetic big molecules, it is possible to modify the 
polymerised products already existing in nature, and in 
this way obtain new materials, some of which are of great 
commercial value. Thus cellulose, which, it will be re- 
membered, consists of enormously long chains of glucose 
units, may be modified in various ways by relatively simple 
chemical processes, and the modified chains moulded into 
long filaments by suitable mechanical means. In this 
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way we obtain artificial silk, wbich differs from natural 
silk cHefly in that the polypeptide chains of the latter are 
replaced by the chains of condensed glucose units, slightly 
modified by the chemist so as to give a product with the 
right physical properties. Artificial siUc is real sillr built 
out of sugar instead of amino-acids. 

Another example of the modification of a naturally 
occurring product is to be found in “ chlorinated rubber.” 
This is natural rubber treated with chlorine gas (as distinct 
from the Neoprene referred to on p. 104), and is manu- 
factured in Great Britain under the name of Alloprene. 
Actually it contains chloriue to the extent of nearly two- 
thirds of its weight. The process was developed technically 
during the slump years, when rubber was so cheap that there 
was every stimulus to find new uses for it. The chlorinated 
rubber is much less active chemically than ordinary rubber ; 
indeed, it is so inert that it is extraordinarily resistant to 
both strong acids and strong allvalis, and this unique 
property makes it very valuable as a protective coating 
for apparatus exposed to attack by strong chemicals. 

All this work on the structure of big molecules is not only 
of academic interest ; it influences us all in our everyday 
life. Bread and paper, silk stockings and motor tyres — 
they are all largely made up of these condensed giant mole- 
cules. The new moulding materials are finding over wider 
uses in table ware, in electric fittings, in ornamental con- 
tainers, and in countless other famihar articles. Some of 
these products — “ Perspex,” for example — are as clear and 
transparent as glass, and, because of the greater ease of 
working them, it is likely that they will be used in increasing 
degree for making lenses for spectacles, and oven for 
microscopes and other scientific instruments. It is now 
hundreds of miflions of years since nature in her un- 
systematic, empirical way discovered the possibilities of 
the giant molecule as a means of putting old materials to 
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new uses. Man in his turn has gradually become aware 
that these condensed and poljrmerised substances, untract- 
able though they may at first sight seem to be, will yield up 
their secrets to patient investigation, and that as they 
become better understood their properties can be predicted 
and controlled with ever greater precision. This new 
branch of chemistry is not only of importance to the 
philosopher, studying the architecture of hving things, but, 
what may seem of much more importance to many of us, 
it has helped to make the world a more attractive place to 
five in. 
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CHAPTEK VII 


ENGINES AND ENEEGY 

Ever since the time when man first became a self-conscious, 
thinking animal he must have been painfully aware of 
the need to exert energy in order to get things done. At 
the early stages of his development he was practically 
entirely dependent on man-power for the achievement of 
his aims : either on his own muscular energy, or on the 
muscular energy of others over whom he had control. By 
the domestication of animals, by the harnessing of the 
forces of wind and water, man through the ages has tapped 
an ever-increasing number of energy sources to help out 
his own strength ; and to-day, with the discovery of the 
internal combustion engine, the steam turbine, and the 
dynamo, so great are the resources at his command that it 
is no longer true — or need not be — ^that “ in the sweat of 
thy face shalt thou eat bread.” Yet man’s body is still, 
as it always was, a machine for getting work done. 

Even from a superficial point of view it is easy to see that 
all these mechanical systems have at least one feature in 
common, the need for a supply of energy. In the case of 
men and animals, the power to do work is ultimately 
dependent on a supply of food being available. The steam 
engine must be fed by coal or oil and the motor car by petrol. 
The wind and the streams would aU cease to exist if the 
heat of the sun were not available. Here we have an 
indication of one of the most important conceptions of 
modern science, the idea of the permanence of energy. 
We cannot create energy from nothing ; an engine can 
only go on producing energy when suitably fed. A machine 

112 



ENGINES AND ENERGY 


may be likened to a bank : you may pay in cheques and 
draw out pound-notes or coins, or you may pay in the 
coins and draw cheques ; but what you draw out must 
not exceed in value what you pay in, although the form 
may be quite different. In the same way, the steam engine, 
fed by heat derived from the combustion of coal, may 
give out part of this energy in the form of the mechanical 
energy of an express train, and the rest as wasted heat. 

And what exactly, we may ask, is energy ? The practical 
man might answer that it is what enables work to be done. 
But this is rather like explaining sugar as being that with 
which we can make toffee ; it does not really take us very 
much farther. The significant thing about energy is just the 
fact of its conservation, the fact that it is indestructible. 
As we look around us, the superficially attractive things, 
the exciting things, are those which move and change, and 
present us ever with something new ; but it is the things 
which are most permanent which in the end we think most 
real. 

Now in any material system so isolated as to be entirely 
uninfluenced by the rest of the universe, there are certain 
features which possess this quahty of permanence. One 
of the simplest and best known of these is the mass ; 
every student of chemistry early meets the fundamental 
law that the mass of the system is conserved in any 
chemical reaction. It happens that we can measure mass 
— or, at least, weight, which is proportional to it — ^very 
easily with the aid of a balance, and so we imagine we have 
some understanding of it. 

Now, if we know the position and velocities of all the 
particles in a mechanical system, we find we can calculate 
from them a certain rather comphcated quantity, which 
in spite of aU the changes in the individual positions and 
velocities has the pecuharity that it, too, remains constant 
— ^like mass, it is conserved. The existence of this quantity 
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is a consequence of the laws of motion. If we do not 
restrict ourselves to simple dynamical systems, but include 
electricity and magnetism and undulatory motion such as 
light, we find the fundamental principle remains true — a 
quantity can always be calculated which stays constant 
whatever else may change. It happens that there is no 
simple general method of measuring this quantity directly. 
We can always estimate it, but only by roundabout 
calculations. Its permanence is therefore not directly 
obvious, and so it seems to us rather abstract. But from 
the physical point of view, permanence, however established, 
is the very essence of reahty. We give the quantity we 
so calculate a name : we call it energy. We can then 
state the result that the total energy in an isolated physical 
system remains constant, and we can think of energy as 
something rather like an indestructible fluid, which can be 
transferred from one system to another, but which never 
changes in total amount. In this it is exactly analogous to 
mass ; and indeed it is one of the remarkable discoveries 
of twentieth-century physics that energy and mass, although 
apparently so different — ^the one concrete and the other 
abstract — are in reahty most closely related. For all energy, 
it appears, has mass and everything which has mass contains 
energy— actually the total mass of any material system is 
precisely proportional to its total energy. 

It is a short step from this result to the suspicion that 
mass and energy are not only related but that they are 
really identical, that they refer to the same thing measured 
in different units, like dupheate sets of specifications in 
inches and centimetres. This equivalence of energy and 
mass brings out the reahty of the former and emphasises 
its fundamental nature ; because it is so fundamental, we 
can scarcely hope for any ultimate “ explanation.” 

Most of us spend quite a lot of our income every year in 
pmehasing energy in one form or another. We buy the 
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energy essential for onr bodily activity in the form of food ; 
we pay onr coal, gas, and electricity bills in retnrn for 
energy in the form of beat or bgbt. Tbe electricity account 
may also cover tbe price of a certain amount of mecbanical 
work if we possess a vacuum cleaner, and even tbe cost of 
a large amount of noise if we also own a mains-driven 
wireless set. But, whatever tbe form we cboose to bave 
it in, it is essentially energy we are paying for. As in tbe 
case of many other commodities, some ways of purchasing 
it are more costly than others. 

In order to compare tbe price of energy in some of its 
co mm on forms, it is convenient to measure it in terms of 
calories. A calorie is primarily a quantity of beat, but as 
aU energy may be converted into beat, it is quite easy to 
apply this unit to any form of energy whatever. Let us 
see bow many calories we can buy for a penny. 

If we get our electricity at a halfpenny per unit, we think 
the price quite reasonable. We should then be receiving 
about 1,700,000 calories, or 1,700 Kilocalories (1 Kilocalorie 
equals 1,000 calories), for a penny. If we decide to bave 
our energy in tbe form of coal gas at, say, Qd. per therm, 
we should then obtain a little over 4,000 Kilocalories for 
a penny ; whilst paraffin at Is. per gallon would give us 
about tbe same. It is of interest to compare with these 
figures tbe cost of calories purchased in tbe form of coal 
(see Fig. 20). If we take tbe price to be £2 per ton, we 
find that we obtain about 16,000 Kilocalories for our penny. 
Coal is evidently by far tbe cheapest of our common sources 
of energy. It is easy to see why it still remains our great 
basic source of power. 

But this comparison is not quite a fair one. If we 
want to drive a train, an electric locomotive will convert 
over 90 per cent, of tbe energy we pay for into mecbanical 
work, whereas tbe steam engine heated by coal or oil will 
not be able to utibse much more than a quarter of the 
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energy available in tbe fuel. The rest is given ofE as 
heat and for all practical purposes is lost. Thus, if we 
are interested in the amount of work we can get for our 
penny, we must divide the figures for gas, oil, or coal by 
about 4, whilst that for electricity remains almost unchanged. 
From this point of view, coal is still cheaper than anything 
else, but electricity is now cheaper than paraffin and not 



I’lG. 20,— Cost of energy purchased in different forms. 


very difierent from Diesel oil. Other things being equal, 
it should cost less to travel by steam-train than in the 
tram-car, and less in the latter than in a petrol-driven 
vehicle. The Diesel oil engine, on the other hand, should 
be able to compete with electricity as a source of power, 
the choice depending mainly on subsidiary questions of 
convenience and special conditions. It is interesting to 
observe that these two sources of energy are actually' 
in keen competition, both on the roads and on the railways. 
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Let US now pause for a moment to consider just wliat a 
Kilocalorie of energy actually looks like. Without some 
notion of the units we are using it is difficult to get things 
into a proper perspective. If we are thinking of energy 
in the form of heat, then we may picture a Kilocalorie as 
the amoimt of heat needed to raise a tablespoonful of water 
from room temperature almost to the boil. An ordinary 
76-watt bulb gives out this amount of heat in rather less 
than a minute. But perhaps we are interested in 
mechanical energy rather than heat. In this case we can 
imagine a bullet weighing an ounce travelling through the 
air at a typical speed of 1,600 ft. per second or a motor- 
■cycHst doing rather over twenty miles per hour on his 
mount. In each case the energy of motion at any instant 
is about a Kilocalorie. Evidently a relatively triffing 
amount of heat is equivalent to a quantity of mechanical 
energy which can produce effects that are far from 
negligible, and require to be treated with great respect. 

The amount of mechanical energy corresponding to 
a calorie of heat is called the “ Mechanical Equivalent 
of Heat,” and people interested in heat engines and power 
production are constantly using this factor in their calcula- 
tions. If the Mechanical Equivalent of Heat were much 
smaller than it actually is, if one Kilocalorie of heat corre- 
sponded to a much smaller amount of mechanical energy, 
many ordinary experiences would assume a very different 
aspect. 

We all know, for example, how a motor car moving along 
at a speed of 30 m.p.h. can be puUed up in a few yards when 
the brakes are apphed. The kinetic energy is converted 
into a relatively small quantity of heat, the only effect of 
which is to raise the temperature of the brake drums and 
bands by a hundred degrees or so. If, however, the kinetic 
energy of the vehicle is dissipated by a coUision with a wall, 
the mechanical effects may be of a most spectacular type 
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and apparently out of all proportion to the small quantity 
of energy (in terms of heat) involved. It is the large 
mechanical equivalent of heat which makes it so easy to 
control mechanical energy by means of brakes and similar 
devices. If the mechanical equivalent were only a tenth 
of what it really is, all braking devices would have to he 
much bigger and clumsier, or else they would be melted 
away when they were apphed. 

In the same way, from the point of view of producing 
mechanical energy from heat it is lilmwise exceedingly 
fortunate that the mechanical equivalent should be so 
laro'e. A smaller factor would mean that all heat engines 
would require proportionately more heat in order that a 
given quantity of mechanical energy should be obtained 
from them, and to pass ten times as much heat into the 
boiler of an engine would possibly present a problem very 
difficult of solution. A world constructed with a very 
low mechanical equivalent of heat would show all sorts of 
curious phenomena. Water might start boihng when we 
stirred it, our skins might almost blister when we touched 
them, or our joints seize whenever we moved. A stone 
flung through the air might be melted or even volatilised 
by the friction, just as a meteorite suflers a similar fate 
when it passes through the atmosphere at a very much 
higher velocity. But the Mechanical Equivalent is happily 
so large that we are spared these embarrassing phenomena. 

Though we speak of the Mechanical Equivalent of Heat, 
nevertheless heat is itself in reality kinetic energy, that is 
energy of movement. In a gas it is the kinetic energy of 
the separate molecules which constitutes the heat. These 
molecules are rushing about in all directions and the vast 
majority of them have relatively high speeds : at ordinary 
temperatures they travel about a mile in four seconds. 
When a falling stone comes to rest on the ground, its kinetic 
energy is converted into heat, and this really means that 
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tte molecules of tte stone and tiie adjacent ground vibrate 
backwards and forwards a little more vigorously than 
before. Are we then to conclude that there is no essential 
difference between beat and mecbanical energy ? 

The key to the answer is to be found in the idea of 
random motion. In the case of the moving stone, the 
particles are all moving approidmately parallel to each 
other, whereas in the case of the heated groimd the move- 
ments are in all directions. Now random movements of 
this kind are of no direct use to us from the point of view 
of obtaining mechanical work. These random movements 
cannot be apphed in any simple way so as to impart a 
velocity in some given direction to any particular object. 
On the other hand, the faUing stone will tend to drive 
forwards any object with which it comes in contact. The 
difference is somewhat analogous to that between a well- 
drilled column of soldiers moving forward in a regular 
formation and a mob of frightened people rushing hither 
and thither in all directions. As individuals, the mob may 
be just as active as the soldiers, but whereas the activity 
of the soldiers may be readily directed to any desired object, 
that of the mob is imcontroUable and serves no useful 
purpose. 

However, the case of the heat engine shows that heat is 
not altogether useless for performing mechanical work. 
Mechanical energy is completely available for any purpose 
whatever, whereas heat energy is only available in a limited 
sense ; in fact, it may be said to be available only in so 
far as it tends to flow from one place to another. But 
heat only flows from points of higher temperature to points 
of lower temperature, so that heat energy only becomes 
available for mechanical work when it is stored at a higher 
temperature, and then made to flow into a reservoir at 
a lower temperature. The higher the initial and the lower 
the final temperatures, the greater the possible efficiency 
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of the conversion. This is why in steam engines it is 
advantageous to work with super-heated steam at high 
pressures, in boilers well over 100°, rather than at the 
ordinary boiling-point of water. This principle implies 
that there is a definite limit to the efficiency of a heat engine. 
However well designed it is, it will not be possible for it to 
convert more than a fraction of the heat supplied into work, 
the rest being of necessity wasted in the exhaust. This 
apphes to steam engines of aU kinds, as well as to internal 
combustion engines. The highest efficiencies that have so 
far been reached in practice are in the neighbourhood of 
35 per cent. 

These laws of energy apply to all material systems, 
however complex they may be. They apply, for example, 
to the systems of atoms and molecules which constitute 
living bodies. This statement is confirmed by all reliable 
experiments on living material as well as by general 
theoretical considerations. We have already explained 
(p. 31) how the properties of aggregates may be simpler 
than the properties of the individual units of which they 
are composed. In a somewhat analogous way, the details 
of the mechanical system may be very intricate, yet at the 
same time the system as a whole may be subject to some 
quite simple and easily understood laws. For instance, if 
we pour water down a sink with an open exit we know 
it will always run out, although it would be a seriously 
complicated matter to trace the courses of the individual 
molecules and calculate their paths. Nevertheless, the 
water as a whole is the aggregate of all these molecules. 
It is similar with respect to the laws of energy as applied 
to the material systems which constitute living bodies. 

And now, in the fight of these principles, let us consider 
the living body as an engine for the performance of 
mechanical work. Fuel is supplied in the form of foodstuffs. 
These are digested, absorbed into the blood stream, and 
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carried to the tissues, where they are burnt up ; that is to 
say, they combine with the oxygen which is also brought 
to the tissues by the blood stream. The chief product is 
carbon dioxide, as in the case of ordinary combustion. 
The three main types of foodstuffs which are thus oxidised 
in the tissues are carbohydrates, proteins, and fats. The 
first two classes of substances we have already discussed, 
but a word might be said about the fat. This material 
is very nearly related to petrol or paraffin. In fact, fat 
may be regarded as paraffin which has been modified so as 
to enable it to be more easily dealt with in the watery 
medium of the living body (see Fig. 21) : 

CHj— O-CO-CHa-^Ha— OHj-Cffla-CHj'Hmj-CHa— CHj— CHj— CHj 
(jua— O-OO-CHj-CHj— CHa— CHa— CHa— CHa— CHa—CHj— CHa— CHa— CHa— CHa— CHj 
CHa — 0— CO — CHa — CHa — CHa"~CHa“CHa — CHa — CHa' — CHa”CHa”CHa — OHa — CHa"-^Ha 

One molecule of fat. 


(® 3 — CHa— CEa-^^Ha-HJHa-MHa—CHa-CHs CH3— CHa— CHa— CHa— CH2-CH2— CHs— CRs 

(^a-CEj-CHa-CHa— CHa— CHa— CHj— CH3 CH3— CHa— CHa— CHa— CHa-CHa-CHa— CH, 
CHj— CHa-CHa-CHa-CHa-CHa— CH2-CH3 CHj—CHs— CHa— CHa— CHa-CHa-CHa— CHj 

Six molecules of octane (petrol). 

Kg. 21. 

It is rather difficult to say whether or not the animal 
body can be properly regarded as a heat engine. The 
essential point about a heat engine is that the energy at 
one stage exists as heat at some definite temperature. 
Thus in the steam engine it exists as heat within the boiler ; 
in the internal combustion engine as the heat of the gases 
after the explosion. In the case of an active muscle the 
combustion of the carbohydrate, fat, or protein liberates 
energy, but it is difficult to say whether at any stage it 
exists completely in the form of heat. If it did, then we 
should expect the efficiency of muscles to be limited by the 
same principle which holds for heat engines. The heat 
generated in the muscles might, of course, exist locally for 
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a very brief instant of time at a considerably higher tempera- 
ture than the average body temperature of 37°. The 
effective temperature might, in fact, be quite high and 
efficiencies comparable to those obtained in the case of heat 
engines might be expected. In point of fact, the efficiency 
of the muscle can reach 25-30 per cent. Although this 
is of the right order, it is of course no proof that the muscle 
is comparable to a heat engine. 

The alternative possibility is that the energy liberated 
is directly transformed into mechanical energy without 
existing intermediately as heat. The energy of a chemical 
reaction is not necessarily completely available for the 
purpose of doing mechanical work, but it is usually much 
more so than an equal amount of heat. The fraction 
available (called the “ free energy ” of the reaction) does 
not generally differ very much from the total energy of the 
reaction. If the muscle utilised the chemical energy 
directly, then the theoretically possible efficiency would 
be much nearer to 100 per cent, than 30 per cent. The 
fact that it is only about 30 per cent, would, then, be due 
to imperfections in the design of the mechanism, and would 
not be the result of any inherent physical necessity. 

Let us now consider the magnitude of the quantities of 
energy involved in, for example, the activities of an 
ordinary man. First of all, let us take the case of an 
average-sized man resting in bed. Though he is doing no 
external work, his heart is beating, his blood is circulating, 
and his cells are aU keeping themselves in a state of good 
repair. Thus a substantial quantity of work is being done 
and in consequence, even in the resting state, oxygen is 
consumed, foodstuff is burned up, and heat is produced. 
In this condition of basal metabolism, as it is called, the 
heat production will be about 75 Kilocalories per hour or 
1,800 per day. (If this heat could only be collected and 
used, it would provide us with a hot bath every morning !) 
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Let US now suppose that the man jumps out of bed and 
runs upstairs, thus raising himself by, let us say, twenty 
feet. The actual amount of mechanical energy required 
to raise his body through this height would be about one 
Kilocalorie. However, as we have seen, the efi&ciency of 
his muscles wiQ not be more than 25 per cent., and owing to 
the somewhat crude and iueflicient mechanism which the 
act of walking involves the efficiency as a whole will be 
less than this, so that his total extra energy production 
including heat will amount to perhaps 5 Kilocalories. If 
it takes 10 seconds to ascend the stairs the rate at which 
he is producing energy must be increased by 1,800 Kilo- 
calories per hour, so that instead of being 75 Kilocalories 
it would be 1,875 Kilocalories per hour, which is twenty-five 
times the basal rate. If, on the other hand, he went for 
a wallc over a level road, his rate of energy production would 
probably not exceed three times that of his resting state. 
Naturally it would increase sharply whenever he came to a 
hill at all steep, for then, in addition to the relatively small 
quantity of energy required for moving his Hmbs back- 
wards and forwards, he would be doing work against gravity 
and so expending much more energy. 

We know from experience that the moderately rapid 
ascent of a stair is a grade of exercise which, if continued 
long enough, represents quite hard work, though a man in 
good condition could go on for some considerable time with- 
out becoming exhausted. Experiments have shown that 
work can be continued for several hours if the intensity 
does not involve a metabolic rate more than eight times the 
basal. When this figure is exceeded, the effort cannot be 
long sustained, and the worker soon becomes exhausted. 

Let us suppose now that there was a dictator who had an 
unlimited supply of slaves, or human robots, at his disposal. 
Would it pay him to use them for the performance of 
mechanical work — as the Egyptians used human labour 
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for the building of the pyramids ? How many Kilocalories 
would be get from them 'for a penny ? Let us make all 
the circumstances as favourable to him as possible. We 
will assume that the only expense he will have to meet will 
be the cost of their food, and that he provides them with a 
diet consisting only of the simplest and cheapest carbo- 
hydrate. Of course, they would not be able to go on liv ing 
for long on such food. It would contain no proteins, no 
vitamins, nothing to repair the damages resulting in- 
evitably from the wear and tear of existence. But an 
omnipotent dictator with an inexhaustible supply of robots 
would presumably not be worried by such trifles. He would 
just replace his men as they became ill. Let us assume 
that his men were super Hercules, who could keep on 
working at a rate equivalent to the metabolism of 600 
Kilocalories per hour for twelve hours each day ; their total 
heat production would then be 7,200-f 1,800 Kilocalories 
=9,000 Kilocalories per day. It is probable that the 
carbohydrate would cost at least one penny per pound. If 
we remember that a gram of starch produces 4-2 Kilocalories, 
so that one pound will produce barely 2,000 Kilocalories, we 
find that the food of each slave will cost at least fivepence 
per day. But he would be a very efficient worker indeed 
if he converted more than one quarter of the 7,200 Kilo- 
calories — the total extra metabolism — into mechanical 
energy. Thus, as far as work goes, the dictator would 
get only 1,800 Kilocalories for fivepence or 360 for one 
penny. Compare this with the figure of over 3,000 Kilo- 
calories per penny provided by the steam engine ! 

It would be no advantage to feed his men on fat instead 
of carbohydrate. Indeed, although fat provides 9 Kilo- 
calories per gram instead of about 4, the cost is more than 
proportionately greater. Protein would, of course, be 
much worse (see Fig. 20). It gives out just about as 
much beat per gram in burning as does carbohydrate, and 
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even the cheapest forms of it suitable for human con- 
sumption are much dearer. Clearly, although slavery was 
a paying proposition to the Egyptians in the absence of 
man-made engines, the thrifty modern dictator would free 
his subjects as much as possible from mere mechanical 
work and would seek to obtain his supphes of energy as 
far as he could from the powers of coal, oil, and water. 

This chapter would be incomplete without some dis- 
cussion of the oxygen requirements of the human body. 
How much oxygen will be consumed by a man resting in 
bed and producing heat at the basic rate of 75 Kilocalories 
per hour or 1,800 per day ? It happens that about one 
litre of oxygen is needed for every 6 Kilocalories of heat, 
regardless of the nature of the foodstufis being burnt. It 
follows that he will remove from the air 360 litres of 
oxygen in 24 hours. This is about 12 cubic feet, and as 
air consists of about 20 per cent, oxygen, it is equal to the 
oxygen contained in 60 cu. ft. of air. A small room 
12 ft. X 15 ft. X9 ft. contains 1,620 cu. ft., so that it will 
take a resting man almost a month to use up all the oxygen 
in a room of this size. A person sleeping the night in such 
a room, even hermetically sealed, would evidently produce 
only a negligible effect on the oxygen concentration in the 
air, and so far from running any risk of asphyxia, he would 
find it quite impossible to detect any iU effects on this 
score. 

But if the sleeper makes so httle demand on the oxygen 
contained in the room, what about the carbon dioxide he 
produces ? Does he run any risk of being poisoned, or 
otherwise disturbed, by its accumulation ? The answer 
is at once obtained if we know that useful factor, the 
“ respiratory quotient.” This is simply the ratio of the 
volume of carbon dioxide produced to the volume of oxygen 
consumed. (In virtue of Avogadro’s Principle, the gas 
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volumes are proportional to tlie number of molecules they 
contain, so that tbe respiratory quotient is tbe ratio of tbe 
number of molecules of carbon dioxide produced to tbe 
number of molecules of oxygen consumed.) We know 
that this is unity in tbe case of carbohydrates and about 
0-7 in tbe case of fats ; for proteins, it is intermediate in 
value. Our sleeper is likely to be burning up a mixture of 
carbohydrate and fat along with a bttle protein, so that bis 
respiratory quotient might be about 0-9. We see at once 
that tbe volume of carbon dioxide produced will be even 
smaller than tbe volume of oxygen removed ; in eight 
hours it would attain less than 0*3 per cent, of tbe air 
present. This is not bkely to disturb even tbe most 
debcate invabd. 

Evidently it is not to ensure adequate suppbes of oxygen 
or to get rid of carbon dioxide that we are advised to open 
our bedroom windows at night. In point of fact a bedroom 
is by no means hermetically sealed, even when tbe windows 
and doors are closed. Tbe best-built bouse is far from air- 
tight : few windows fit reaUy tightly, and with doors and 
cbinmeys there is usuaby a very considerable replacement 
of tbe air going on constantly. Thus even tbe smab 
changes in composition calculated above wbl never be 
attained in practice. It is not denied that tbe open 
window habit is a good one — at least in a temperate 
cbmate like that of Britain — but its justification must be 
sought in considerations more subtle than tbe simple ones 
of oxygen consumption and carbon dioxide production. 
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NATUEE’S USE FOE OVEEDEAFTS 

The a,m‘Tna.1 body, it is agreed, resembles the steam engine 
or tbe motor car in that it can convert cbemioal energy 
into mecbanical work ; but it would be difficult to imagine 
a greater difference tkan that which exists between it and 
the engines which man has invented. The function is the 
same, but the structure is built on an entirely difierent 
plan and the detailed operations involved are in strik i ng 
contrast. Even at a casual glance these differences are 
obvious enough. Animals are made of flesh and blood and 
bone, engines largely of steel and other metals in minor 
degree. The wheel is the very essence of mechanical con- 
structions which do work : nature seems to have avoided 
wheels altogether. 

Man’s engineering is based largely on the epoch-making 
discovery of circular movement and its special and peculiar 
virtues. To excel the greyhound in speed we build a 
device on wheels ; even on the sea or in the air we propel 
ourselves with a special kind of wheel called a screw. The 
power and adaptability of wheel-engineering seem to be 
without limit: why, then, did Nature never give the 
principle a second glance ? A first glance she gave it, for 
there exist small aquatic animals which move about by 
rotating rapidly; and others, still smaller, which crawl 
along by a queer process of turning themselves inside out 
continuously. But turning inside out would be fatal to 
the organisation of multicellular animals, and even turning 
somersaults has become merely an amusement of the 
young. 
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It is easy to see that rotary motion would be of doubtful 
value to a land animal, for it is a trick which is only effective 
on reasonably smooth land surfaces, and no animal dare 
specialise its means of locomotion so far. The horse, which 
adapted its means of locomotion to life in open prairies, 
paid for its loss of versatility by becoming practically 
extinct except in so far as man, for his own purposes, chooses 
to keep the species in existence. 

jBut there is a much more cogent reason for nature’s 
persistent neglect of the wheel as a mechanism. It is the 
difficulty of feeding it and letting it grow. A wheel, from 
the very nature of its function, must have no solid con- 
nection with the rest of the structure ; even in man’s 
relatively simple machinery the task of lubricating or 
•mak ing electrical connections with a rotating wheel has 
called for considerable ingenuity. In a machine which is 
not only self-lubricating but self-feeding, self-repairing, and 
self-reproducing, the wheel is outclassed entirely by nature’s 
choice of the jointed lever. This principle of construction 
is capable of very elaborate application : probably no 
more accurate and versatile machine exists than the hand 
and arm of Homo sapiens. 

The human machine is capable of a continuous output 
of work at the rate of about one-tenth horse-power, i a rate 
which is nearly the equal of a sewing-machine motor or a 
vacuum cleaner. A mountaineer climbing an easy slope 
at the usual pace of a thousand feet upwards per hour is 
exerting a httle less than this. To meet emergencies we 
can, for a minute or so, exert two to three horse-power, 
which is about the equivalent of the lightest makes of 
motor-cycle, but to reach this limit the circumstances must 
be favourable. To rush ups'tairs as hard as you can, for 
example, is a bad choice of conditions for demonstrating 

1 1 H.P. is equivalent to -work at tke rate of 641 Kilocalories per 
hour. 
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your horse-power. The mode of movement is jerky and the 
gearing is all wrong. About one horse-power is as much as 
anyone can develop efficiently when rushing upstairs. 
Eushing to catch a train is a more favourable test : our 
gearing is more suited to it and our movements less jerky. 
The 100 yards sprint can be done at an average speed of 
21 miles an hour, and it has been calculated that something 
like 2 horse-power is exerted in achieving this. In skating 
the movements are still more smooth, and a speed of 26 miles 
an hour is possible. 

But if you really want to move quickly and efficiently 
under your own power the thing to do is to buy a bicycle — 
as every schoolboy knows. The maximum speed of an 
expert cyclist is in the neighbourhood of 36 miles an hour, 
and this in spite of the fact that the cychst has to provide 
the energy to move the cycle as well as himself. The 
secret lies partly in the complete abolition of jerkiness and 
partly in the use of gears. 

You or I could not lift a ton weight half an inch off the 
ground, yet either of us could lift 50 lb. through two feet, 
although this actually involves slightly more work. A 
navvy faced with the former job takes an appropriate set 
of pulleys and a rope and converts the impossible job into 
the possible one. He is using a gear, just as truly as the 
cychst who “ changes down ” for a hill. Por any given 
individual there is a particular speed of leg movement at 
which he can pedal most efficiently ; for most people this 
is about thirty revolutions a minute, and the gears on the 
bicycle are chosen (or should be) so that when travelling 
at a comfortable speed on any reasonable gradient the legs 
make thirty revolutions to the minute. The lower gears 
thus enable the cychst to maintain the same speed of leg 
movement when going slowly up hills. Pig. 22 shows the 
results of an experiment imdertaken to find out the most 
efficient speed of leg movement for one particular cychst, 
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Tiding one particular cycle ; tke case was a fairly average 
one, so tke results kave a general applicability. 

Some kving animals are only one-geared naackines for 
locomotion ; man has two gears, called walking and 
running ; and tke horse has four : tke walk, tke trot, tke 
canter, and tke gallop. Each of these is a true gear, for 
use over a given range of speeds, and it would be as wasteful 
of efiort for a horse to gallop too slowly to walk too fast. 



SrSEB m PEDAL JtEYOLUnOM PEP 

Fig. 22. — Showing the etSciency of a cyclist at different speeds of 

pedalling. 

(Constructed from data obtained by Sylvia Dickenson, Journal of Physiology.) 

Of man’s two gears the lower is for use up to about 
4 nailes an hour (the exact figure depends on the individual), 
and the higher from 4 to 21 miles an hour. It is perfectly 
possible to walk faster than 4 nailes an hour or to run more 
slowly, but measurements of oxygen requirements show 
that neither achievement is worth while, since it costs 
more energy than to use the correct gear. 

It is possible, of course, to use even the correct gear in 
a faulty fashion. In order to walk at 3 miles an hour you 
may choose a short, rapid pace or a long, slow one or 
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anything in between. But at either extreme efficiency will 
sufier : in one case because the rapid jerking of the limbs 
wffil w’-aste energy, and in the other because the task of 
maintaining position and poise becomes unnecessarily 
fatiguing. 

Nature, then, has achieved the principle of gearing 
without using wheels, though in a less elegant manner 
than is usually possible in man’s metal-constructed wheel 
machinery. Nature’s chief handicap lies in the difierence 
of structural materials. For natm'e’s machines have to 
be made of flesh and blood and bone, so that continuous 
rotation of any part about an axis is virtually impossible. 
But perhaps the most striking difference between the 
two sorts of machine consists in the part played by water in 
them. 

The presence of some water in its proper place is, of 
course, often essential to the working of various types of 
man-made engines and motors. The steam engine, for 
example, uses water as its working substance, but this is 
in a sense accidental, for, if water had been very scarce 
and benzene or chloroform very cheap and plentiful, there 
would have been no insuperable difficulties in producing 
engines using these fluids in the place of water. Indeed, 
it appears that in the case of turbines water is far from being 
the ideal working substance, and already attempts have 
been made to replace it, in whole or in part, by mercury, 
with the object of obtaining a more efficient conversion 
of heat into mechanical work. In the petrol engine, water 
is often used as a cooling fluid ; here it is even more 
obvious that its use is accidental rather than essential. 
The ideal cooling fluid would certainly not freeze so easily 
on a winter’s night, and even if it did it would not have 
the unusual property of expanding on solidification, and 
so bursting the radiator. But, since in most regions of the 
civilised world water is cheap and plentiful, whenever a 
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liquid of some sort, is required, water is employed if it will 
at aU serve the purpose. 

But the part which water plays in the animal body is a 
much more essential one. In the first place, we must 
remember that, apart from the bones, over 75 per cent, of 
the body is simply water. The muscles, which from the 
mechanical point of view are the actual engines producing 
the energy to make us move, are pure water to the extent 
of over 80 per cent. The water is here an integral part of 
the mechanism. A motor car or a steam engine without 
any water in it is stiU a motor car or a steam engine : it 
takes only a few minutes to fill it up and at once it is ready 
to work. But remove the water completely from a muscle 
and it will turn into something quite unhke its former self 
— a hard, shrunken, mummified lump which no amount of 
resoaking in water will bring back to its former state. 

The blood is, of course, also largely composed of water, 
but here the function of the water is perhaps more like 
that which it has in the motor car. It plays the part of 
a carrier, carrying not only heat — as in the car engine — 
but fuel and oxygen to the tissues of the body. It is just 
conceivable that in another environment nature might 
have employed some other fluid in its place. But in the 
case of all the hving tissues of the body the water w’-hich 
is present is an integral part of the living structure, and 
any scheme for dispensing with it altogether or for replacing 
it by some other hquid, such as alcohol or liquid ammonia, 
would require a fundamental alteration of all the vital 
processes involved. It would not be a question of merely 
minor changes in design, such as might be needed in 
building a locomotive to work with chloroform in the 
boiler, for the dehcate structure of the muscle proteins 
would disintegrate when removed from the aqueous solu- 
tion in which they are normally bathed ; and besides, the 
whole system of delicate and interdependent chemical 
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reactions involves the co-operation of water at almost every 
point. 

What, then, is the nature of this extraordinary mechanism 
— a living muscle — and how does it work ? This is one of 
the key questions in physiology and biochemistry. 
Although the answer to it is as yet far from complete, some 
progress has been made in unravelling the very complicated 
problem which a living muscle presents. 

The general appearance of muscle is familiar enough to 
us all. The steak we had for lunch was tyqjical. In cooked 
form it was brown and (we hope) relatively easily dis- 
integrated into small fragments ; originally it was red and 
juicy and more tough and elastic. The change depends 
on the fact that, apart from water, the chief constituent of 
muscle is protein, and the effect of heat on muscle protein 
is to denature it — to convert it into a less soluble and more 
flocculent form (see p. 88). 

But muscle does not consist merely of water and protein. 
To enumerate all the known components of an ordinary 
lump of beef would be quite a long business, fortunately 
not needed for our purposes. The structure of the muscle 
contains components which are fatty in character; this 
fat serves in part as fuel to supply the energy required for 
the production of mechanical work, but it also helps to 
build up the very elaborate architecture of the cells of which 
the muscle is composed. In addition to fat an ordinary 
muscle contains carbohydrate in the form of glycogen, to 
which we have already referred in Chapter VI. This is 
perhaps the most important source of muscular energy, at 
least for the ordinary activities of life. Our bodies are 
like furnaces which can burn either wood or coal. Wood, 
which is chiefly carbohydrate, is more easily kindled and 
burns faster ; but the coal, to which we may compare fat, 
produces more energy in proportion to its weight and is 
especially useful for prolonged heavy labour. 
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These substances, proteins with a little fat and carbo- 
hydrate, contribute to the structure of the muscle, but 
many other substances are there besides, smaller molecules 
dissolved in the water of which the muscle is so largely 
composed. We have salts — sodium chloride, potassium 
phosphate, and others in smaller amounts. These seem 
necessary to provide the proper environment for the 
muscle protein and other colloidal constituents of the cell. 
Then there are in small traces the substances which together 
constitute the immediate food supply of the tissue, and 
which are constantly diffusing from the blood in the 
capillaries into the substance of the muscle. These include 
sugar and amino-acids. Similarly, the final products of 
muscular activity are found on their way out to the blood 
stream. The chief substances in this category are ammonia, 
left over from the burning of amino-acids ; carbon-dioxide 
and water, which result from the burning of any organic 
compound ; and lactic acid, which comes from sugar mole- 
cules broken down in the course of muscular work. 

This lactic acid, as we shall see later, is a very character- 
istic product of the active muscle, and it has been one of 
the great problems of biochemistry to find out just what its 
appearance means in the mechanism of muscular con- 
traction. 

Lastly, there is found in muscles a set of substances 
which form links in the chain of clfemical reactions making 
muscidar contraction possible. For the utilisation of a 
foodstuff as a source of energy for mechanical work is not 
a simple one-stage process. It can only be done efficiently 
by means of a complex chemical mechanism, strictly 
controlled at every point and involving many reactions 
carefully co-ordinated with each other. The last ten years 
have seen a great increase in our Imowledge of this system, 
though it cannot be claimed that we have done more than 
scratch the surface of this fascinating field of research. 
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Nevertheless, there is now a broad agreement as to the 
course followed by one at least of these chains of reactions. 
Finahty is still far off, but the skeleton scheme put forward 
by the two great German biochemists Otto Meyerhof and 
the late Gustav Embden gives us a working picture of the 
steps involved in the utihsation of carbohydrate fuel. The 
four or five intermediate compounds postulated by these 
authors have been isolated from muscle, the reactions 
postulated are all inherently reasonable, and most of them 
have been demonstrated outside the body. 

The particular chemical system concerned with the 
utihsation of glycogen is but one of several present in the 
muscle, and about most of the others we do not yet know 
very much. We have been able'to trace in nature’s machine 
one train of cog-wheels, but it is evidently only part of a 
more comphcated set. Here and there we catch a glimpse 
of other wheels : some of these seem connected with our 
original series ; others appear to be isolated and apparently 
useless, yet we can be sure they are not there for nothing. 
Unfortunately the machine is so dehcate that it cannot 
be taken to pieces without breaking up many of its com- 
ponent parts, but by a careful study of what pieces we can 
collect, by poking into the machine while it is running 
and finding out how a particular disturbance interferes 
with its working, it is hoped eventually to discover the 
complete plan. 

The actual muscle, then, is a complicated protein 
structure containing within itself stores of fat and carbo- 
hydrate as fuel, and steeped in water containing a diverse 
assortment of substances in solution which either are 
necessary for the proper functioning of the tissue or repre- 
sent the products of its metabohsm. Though the details 
of the structure are far too fine to be seen even under the 
most powerful microscope, the gross structure of the muscle 
is easily demonstrated. It consists of long, fibrous cells, 
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and the characteristic contraction of the muscle as a whole 
depends upon the simultaneous and co-ordinated contrac- 
tion of these separate cells (see Plate III). This happens 
when the nerve attached to the muscle is stimulated. The 
movement of our bodies as a whole depends in turn on 
the co-ordinated action of numerous muscles all under the 
control of the central nervous system. The whole con- 
stitutes a machine of astonishing delicacy and complexity. 

Not only does the muscle difier in its type of structure 
from a man-made machine, but there is also a marked 
contrast between them in their modes of worldng. Inasmuch 
as we obtain our energy by burning food and this is done 
in our muscles, these must be regarded as internal com- 
bustion engines, just like the engine of a motor car ; but 
there is at least one respect in which ouT'^muscles have a 
very remarkable advantage over the petrol engine. The 
latter is strictly dependent for its power from moment to 
moment on its oxygen supply. Indeed, we use this fact 
to control it, for the accelerator pedal of a car regulates 
primarily the rate at which air is admitted to the engine. 
But it is a characteristic of nature’s engines that, though 
just as dependent on oxygen in the long run, they are not 
so dependent from moment to moment. Though every 
movement must be paid for by the absorption and use of 
the proper amount of oxygen, the 'payment need not he made 
at once. It is as though we kept inside our bodies a 
secret store of oxygen on which we could draw in emergency, 
replenishing the store afterwards ; and, indeed, this was 
thought for a long time to be the actual explanation, but 
the idea had to be given up, for nobody could find the 
hidden store. The real explanation proved to be very 
different. 

We have seen that a htre of oxygen can release about 
five Kilocalories of energy, and of this about a fifth can appear 
as work, so that whenever we do work, we require about a 
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litre of extra oxygen for every Kilocalorie of work we do. 
When the work is very light, we consume this extra amount 
of oxygen practically at the same time as we do the work. 
We pay for the work as it were with ready money ; once 
the work has been done, the transaction is finished and we 
are ready to do more. But suppose we want to perform 
some much harder labour. To pay for this on a ready 
money basis would involve an immense speeding up of all 
the oxidation processes which are involved in the complete 
mechanism of muscular contraction, including the transport 
of oxygen from lungs to muscles and of carbon dioxide 
in the opposite direction. Now some of these processes 
can be accelerated easily enough, but others, notably the 
physical ones of transportation and diffusion, are much 
more sluggish. Even a rich man may find it inconvenient 
or impossible to reahse his securities at a moment’s notice. 
He falls back on an overdraft. And so nature has very 
conveniently set at the disposal of the animal organism 
an arrangement whereby it can obtain an overdraft in 
respect of its oxygen supply. By means of this ingenious 
mechanism, the work done does not need to be paid for at 
once in terms of oxygen consumption. For the time being 
what has been called an “ oxygen debt ” is created. This 
has, of course, to be paid off by the consumption of extra 
oxygen after the work is over ; indeed, hke a banker who 
is taking no risks, nature limits this overdraft to about 
twelve Htres of oxygen, and insists on the repayment being 
made promptly. The energy value of twelve litres of 
oxygen is not very much, but it suffices to see you out of a 
crisis lasting up to half a minute or so. 

A man who has just rushed up a long flight of stairs 
finds himself quite out of breath ; he puffs and pants for 
perhaps several minutes before he recovers, and if he carmot 
rest, if he is forced to go on, he must of necessity slow down. 
He finds it quite impossible to keep up his original fierce 
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speed. If lie is trying to arrive on time for an appointment 
lie may suffer the embarrassment of arriving flustered, 
panting, and speechless, but without the aid of the “ oxygen 
debt ” mechanism in his body he could not have hurried 
and would certainly have arrived late, for on current 
oxygen supplies most of us cannot manage more than a fast 
walking pace or a steady trot. 

The practical importance of this power of the organism 
to contract an oxygen debt can scarcely be exaggerated. 
The general effect is to enable the animal body to perform 
short spells of work at a much more intense rate than 
would otherwise be the case. The mouse escaping from 
the cat, the tiger springing upon his victim, the horse 
galloping madly down the racecourse, the boxer fighting 
desperately to knock out his opponent — all these are enter- 
ing into oxygen debt, to be paid back as soon as the 
emergency is over and there is time for rest and recovery. 

In certain forms of sport and athletics the effect of oxygen 
debt formation is particularly well marked. For the 
purposes of his Presidential Address to the British Associa- 
tion, Section I, in 1925, Professor A. V. Hill collected 
together a series of world records in running, walking, and 
skating over distances ranging from 100 yards to 100 miles. 
He was able to assemble these on a single diagram by 
plotting the average speed of each race against the distance 
involved, for the figures for each mode of progression 
gave a series of points lying on a smooth curve, and these 
curves enable the eye to take in the broad facts almost 
at a glance. Certain of the points on his diagram (repro- 
duced in Fig. 23) are now superseded by new world records, 
but the alteration necessitated in most of these cases is so 
small as to be barely discernible on the graph. 

Consider the curve labelled “ men running.” The fall 
in average speed as we pass from shorter to longer races 
only reflects common experience : the interesting point is 
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The two sartorius muscles of a frog, each 
loaded with a twenty gram weight. 
The muscle on the right has shortened 
under the electrical stimulus applied 
through the electrodes. (See pnge 135). 


A photo -micrograph of a 
single muscle fibre con- 
tracting. (See p. 136). 

{ By derniissinn /7‘oin Schafer s 
Essentials of Histology.) 



Two photographs of the heart of a frog removed from the animal and 
mounted so as to maintain an artificial circulation of salt wat,^r. Left : 
contracted. Right : relaxed. The fluid flows back into the relaxed heart 
under gravity from the reservoir. 

(Photographs by Dr. IV, Tebrich.) 
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tlie suddenness of the fall in the region of the J-mile race. 
For races of quite short duration, such as the 100 or 200 
yards, the athlete’s speed depends only on the maximum 
speed at which he can move his legs — the question of 
oxygen supply hardly enters, for he can work almost entirely 
on an oxygen overdraft, paying this off when the race is 
finished. For long races, on the other hand, races of one 
to ten miles, the ability to incur an oxygen debt is of no 
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Fig. 23. — The best average speed for races of different durations. 
(After A. V. Hill, British Association Beports, 1925.) 

value, except in the finishing sprint. Most of the race 
must be run on current oxygen supply, and the runner’s 
speed is hmited by his abihty to absorb oxygen rapidly. 
Now this faculty is quite different from the ability to 
move the legs fast, and for this reason it is rmusual to find 
an athlete reaching championship form in both classes of 
racing. The ability of a runner to contract a large oxygen 
debt is probably of greatest importance in the 1-mile, for 
this race is too long to be financed entirely out of oxygen 
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debt, but short enough for this faculty to be of decisive 
importance. It will in general be won by the man who 
can get the biggest overdraft and so come most nearly 
to treating the race as a sprint. 

And now, we must enquire, what is the inner mechanism 
which makes it possible for the organism to contract an 
oxygen debt ? What is it which limits the amount of the 
debt which can be contracted ? The situation is rather 
similar to the case of a motor car of which the engine is 
used only to charge, and keep charged, an electrical storage 
battery which in turn drives an electric motor coupled to 
the back wheels. 

As this car cruises along on the level, the petrol engine 
will in general supply electricity to the battery as fast as 
the electric motor is taking it out. The accumulator, 
indeed, noight just as well not be there. If a short but steep 
hill is encountered, the motor will need electricity at a 
much greater rate than the engine can supply, but that 
does not matter, for the storage battery can stand the 
drain if it does not go on too long. And when the hill is 
surmounted the engine can work a little harder than usual, 
for the next half-hour or so, until the battery is again 
fully charged. The whole point of this arrangement is 
that the battery protects the petrol engine from sudden 
large demands for energy, and in consequence a motor car 
of this design could achieve, for short spells, a performance 
far above that of a car of conventional design equipped 
with an engine of the same horse-power. There is no sense 
in building cars of this sort : it happens to be more 
economical to build bigger petrol engines. But there is 
plenty of sense in having our bodies built on this principle, 
because our difficulty is that of taking in oxygen quickly 
enough. To sprint upstairs on current oxygen supplies 
we should need hearts, lungs, and arteries of impossible 
dimensions. 
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Now it is to be observed that wbat really happens in a 
storage battery is that the lead, or whatever may be 
within, undergoes a chemical reaction during the process 
of discharge, while the electric motor is going, and that the 
process of recovery, or recharging, involves the reversal 
of this reaction, bringing the contents of the accumulator 
back to their original state. "ViTiat, we may ask, corre- 
sponds in the muscle to the chemicals inside the 
accumulator ? 

We have to look for a chemical reaction occurring in 
muscles during activity in the absence of oxygen, and, ex 
hypotJiesi, it cannot be an oxidation. Now the chemist 
knows of no method of getting energy from fats, nor, 
generally speaking, from proteins, save by burning them ; 
and all the evidence so far goes to show that nature has 
found no way either. But with sugar (or glycogen, which 
is just condensed sugar) there is such a method. It is to 
break each molecule of sugar (C6H12O6) into two molecules 
of (neutralised) lactic acid (CsHgOs). About a tenth of 
the energy is obtained that could be released by burning 
the sugar. This is not as wasteful as it looks ; indeed, it 
is not wasteful at all, for the lactic acid can be burned 
later when there is plenty of oxygen available. 

Now experimental work shows that when a single 
muscle, removed from an animal but still Hving and 
able to contract, is made to do work in the absence of 
oxygen, the glycogen in it disappears and lactic acid is 
produced. The obvious inference is that in this chemical 
reaction, the conversion of glucose into lactic acid, we have 
the mechanism which corresponds to the lead and sulphuric 
acid within the accmnulator, and that it is through this 
reaction that the oxygen debt is contracted. TiTien the 
muscle is supphed with oxygen after its spell of work the 
lactic acid disappears ag^. Some of it is burnt to provide 
energy, and with the aid of this energy the rest is stored 
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once more as glycogen. Tlie accumulator is recliarged by 
tbe internal combustion engine. 

Tbe extent to ■wMch we can avail ourselves of this device 
for increasing our top speed depends on the amount of 
lactic acid we can tolerate in our bodies, for any kind of 
acid is unpleasant to have about. The limit seems to be 
about three ounces and it is reached in less than a minute 
when we are going “ all out.” Even so, this accumulation 
of acid means that about twenty-five Kilocalories of energy 
can be released in mider a minute without using oxygen. 
And it must be remembered that even in mild exercise of a 
kind that can be kept up merely by increasing somewhat 
our rate of absorbing oxygen, the heart and lungs cannot 
respond instantly to the demand for extra oxygen ; there 
is always a lag, during which this “ glycolysis mechanism ” 
has to supply the necessary energy. 

The extra “ pace ” made possible by the glycolysis 
mechanism seems not to suffice, however, and in the fresh 
muscles of animals we find stores of a chemical compound 
which act as a reserve of even more rapidly mobihsable 
energy. This compound (called phosphagen) is found in 
all muscles, fast or slow, but it is only in muscles such as 
those of the limbs which must on occasion move very 
fast indeed that we find considerable stores of it maintained. 
When this substance breaks up, as it can very easily 
without the use of oxygen, it gives ofi energy which is 
used by the muscle. The amount of “ latent ” energy 
stored in this way in your muscles is about five Kilocalories 
— not very much, but enough to get you away rapidly from 
a mad bull if the field is not a very large one. The function 
of this highly “ labile ” source of energy can be illustrated 
if we go back for a moment to our biological motor car and 
uncouple the electric motor from its back wheels. Let 
us incorporate a large and powerful clock spring, so that 
the electric motor now serves merely to wind up the spring, 
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wMcli latter, when released, can impart to the ear a posi- 
tively catapiilt-Hke acceleration. There is no need for the 
car to progress normally in leaps and bounds, if we arrange 
that the pull of the electric motor ordinarily keeps the 
spring fully coiled up. The spring therefore serves to give 
the car a flying start, after which the electric motor takes 
up the load and re-coils the spring in the first few minutes, 
then the petrol engine gets going, recharges the storage 
battery which has been partly discharged, and settles down 
to keep it fully charged. And there you have the up-to- 
date model of the biological motor car. 



The machinery we use in our muscles is not peculiar to 
human beings. Not only is the same mechanism common 
to all mammals, birds, reptiles, and fishes — ^at least to all 
that have been examined — ^but something very similar 
indeed is used by the invertebrates, the lobsters, spiders, 
insects. It has been shown that even the single-celled 
animal Amcebap'oteus has some chemical trick at its disposal 
to enable it to survive a temporary shortage of oxygen, 
apparently by contracting an oxygen debt. And more 
remarkable still, the j'^east organism, which is a plant, not 
an animal, has a chemical mechanism very similar to our 
own on which it rehes when oxygen is deficient. The 
yeast ceU does not move and has no muscles, but it needs 
a constant supply of energy to keep ahve, just hire all other 
living things. To get this energy when no oxygen is forth- 
coming it converts sugar into alcohol, a process which 
yields about as much energy as the other trick of turning 
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it into lactic acid. Neither procedure is a simple one-stage 
affair ; several steps are involved ; and the similarity of the 
two mechanisms is shown by the fact that, all steps but 
the last one or two are substantially the same in both. (The 
yeast cell does not have to allow for sudden emergencies 
requiring severe exertion, and probably for this reason it 
has not the additional “ phosphagen mechanism ” possessed 
by all but the simplest animals.) 

Since the same amount of energy can be tapped in either 
case, why do we produce lactic acid in our muscles and not 
alcohol ? It is no answer to say that alcohol is an intoxi- 
cant, even a poison. It is only poisonous to us because 
we have not developed the knack of burning it rapidly. 
The ability could have been acquired, and indeed to all 
appearances is acquired by some enthusiasts. Moreover 
the alcohol, being volatile, could be eUminated in the 
breath, just as we normally get rid of the volatile carbon 
dioxide which is formed in our bodies ; but there, probably, 
is the answer to the question. Such elimination would 
waste considerable amounts of energy, for what is eliminated 
is lost and cannot be subsequently burned as fuel. 

Why, then, does the yeast plant produce alcohol, and 
not lactic acid ? One would like to think that this pleasant 
habit arose from a desire on the part of the yeast organism 
to cheer ma nkin d and add to the gaiety of nations. But the 
truth is more chemical and less romantic. In all probabihty 
the yeast cell prefers to waste energy, when it must, in the 
form of the volatihsable alcohol, rather than of lactic acid, 
which would produce an uncomfortable acidity in its neigh- 
bourhood. It is all a matter of taste. 

There are, indeed, certain micro-organisms which produce 
lactic acid from sugar, and to this extent more closely 
resemble our muscles. These are the bacteria which bring 
about the souring of m i l k , to the annoyance of the house- 
wife every summer. It has not been proved that they use 
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the same method as our muscles — investigation of the bio- 
chemistry of micro-organisms is exceedingly diflB.cult — ^but 
what evidence there is goes to show that the route used is 
essentially the same. 

And so, starting with athletics and exercise, we find 
ourselves talking of beer and sour milk. The transition is 
a very natural one, for it depends on the real affinity of the 
processes involved in these apparently so different activities. 
All are concerned with the breakdown of the sugar molecule. 
At an early stage in organic evolution, nature seems to 
have found out a way of doing this which suited her. 
Subsequently she has applied this one method, with minor 
modifications, over and over again. This economy in 
original ideas, this exploitation to its limits of a good 
discovery and its appHcation in many diverse ways, these 
are very characteristic features of nature’s factories. One 
touch of nature makes the whole world kin. 


10 
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THINGS WE MUST EAT 

In the course of humau history it is probable that in most 
countries the vast majority of the inhabitants have always 
suffered from under-nutrition. Even at the present day 
it seems certain that over vast regions of the world under- 
nutrition may be regarded as the normal condition of the 
population. No one doubts the truth of this in regard to 
many parts of Asia. At this very moment a famine is 
reported to be raging in China, and even in normal times 
the Indian coolie is said to live on little more than a handful 
of rice per day. In many countries of Europe at present 
malnutrition is unhappily far from rare, even in the midst 
of abundant supplies of food. It is becoming realised 
more and more that in Great Britain, for example, a sub- 
stantial fraction of the population suffers chronically from 
a deficient diet, a fact which is undoubtedly the result of 
faulty distribution rather than any real lack of foodstuffs. 
It is also becoming increasingly evident that good health 
and resistance to disease are impossible in an under- 
nourished population, and that the problem of ensuring to 
all a really adequate diet is one which demands the most 
urgent attention. 

But what do we mean by an adequate diet ? The 
primary purpose of foodstuffs is to supply the organism with 
energy. This it converts partly into mechanical work and 
partly into heat. We have seen in the case of an adult 
man the energy requirements depend on the amount of 
work which he does. His diet, to be adequate, must in the 
first place be able to supply him with this energy-— rather 
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less than 2,000 Kilocalories per 24 hours if he is resting in 
bed, possibly over 4,000 Kilocalories if he is engaged in 
heavy manual work. This consideration of energy require- 
ments is absolutely fundamental in any discussion of the 
adequacy of diets. The necessity for the intake of a certain 
Tninimnm number of Kilocalories is a direct consequence 
of the law of the conservation of energy, a law which the 
animal body must obey like any other engine. 

But the animal body is an engine of a very peculiar kind. 
In the nature of things it has tasks to perform which do 
not fall to the lot of an ordinary engine. It must keep 
itself constantly in repair. Like other engines, its parts 
tend to get worn ; but unlike them it cannot obtain spare 
parts ready made from outside. It must constantly be 
making good by its own efiorts all the wear and tear which 
its daily activities produce. We must remember, too, that 
these activities are going on without interruption during 
the whole lifetime of the animal. Ordinary engines are 
stopped periodically and now and then they are over- 
hauled and thoroughly cleaned. The animal body must 
contrive to do all this while the mechanism is still running. 
Besides carrying on its normal activities, it must also be 
prepared to meet emergencies, to repair any gross injuries, 
to adjust itself to an unfavourable environment, and to 
deal with any invasions by bacteria or other foreign 
mtruders. It must have means at hand which it can 
mobihse to meet such a crisis. Certain diets may be 
adequate as long as the going is good, but they may not 
enable the organism to resist an attack of disease. Finally, 
in animals we have the special strain of reproduction and 
growth. 

It is not surprising that these unique activities entail 
special dietary requirements, and it is during the periods of 
reproduction and growth that the problem of correct diet 
is most urgent. Not merely energy, therefore, is required 
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from the food. Spare parts, lubricants, and the where- 
withal for growth and reproduction are no less essential. 

It is convenient to divide these supplementary dietary 
factors into three groups. There are, first of all, certain 
elements and simple inorganic substances such as iron and 
copper, sodium chloride and calcium salts — these are in- 
dispensable constituents of the animal body and must be 
present in the diet. Secondly, there are various organic 
substances which the body is apparently unable to syn- 
thesise from simpler compounds, but which it requires in 
considerable quantities in order to build up its essential 
structures ; the chief members of this group are certain 
amino-acids. Thirdly, there is a number of organic com- 
pounds which are also indispensable for the smooth working 
of the animal organism, but which are required only in 
quite small quantities. These substances, commonly 
called vitamins, may be regarded as somewhat analogous 
to the lubricating oil of the mechanical engine. The 
distinction between the second and the third class of 
compounds is not a very clear-cut one, but for practical 
purposes it is convenient to separate them into these 
groups. 

The first class is the simplest to begin with, the elements 
and inorganic compounds. The number of elements which 
are essential for the proper functioning of living cells is 
surprisingly great. 

For long it has been known that, apart from carbon, 
oxygen, hydrogen, and nitrogen, many common elements 
such as sodium, potassium, chlorine, iron, phosphorus, 
and calcium are important constituents of the animal 
body. As knowledge of the composition of tissues ex- 
tended, it was recognised that a number of other elements 
were present, though in quite small amounts ; in this 
category are included copper, magnesium, manganese, 
cobalt, and iodine, but the complete list would be a lengthy 
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Cretin, (See page 150). 

{From Gar rod Batten Thurs field and 
Patterson " Diseases of Children." ) 



Effect of Thyroid Treatment on Advanced 
Myxoedema. (See page 149). 

After two month’s treatment with Thyroid 
he had lost twenty per cent of his initial 
weight. 

{From Hertoghe “ Phe Practitioner." } 



Cretin lamb about one year old with normal lamb ot 
eleven months. (See page 150). 

Showing the importance of the Thyroid 
Gland. 
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one and it is probable that even at the present time our- 
knowledge of the essential elements is still far from 
complete. 

In the case of most of these elements it does not often 
happen in practice that a serious deficiency occurs. Either 
they are so abundant in nature, as in the case, for example, 
of sodium and chlorine, that the animal, guided by its 
instinct, is able when deficiency is threatened to choose 
food of such a kind as to correct the defect ; or else the 
quantities involved are so small that it is almost impossible 
for the TiniTn'mnm limit of intake not to be attained. How- 
ever, for one reason or another it happens that this happy 
state of afiairs does not always exist, and it is of interest 
to consider one or two instances where the simple lack of a 
particular element or simple inorganic compound may be 
the cause of widespread disease and sufiering. 

Most of us at some time or other have noticed persons 
afiected with the disorder known as a simple goitre. This 
trouble manifests itself as a swelling of the neck, resulting 
from the enlarged condition of the thyroid gland which is 
situated there (Fig. 34). The disease occurs far more 
frequently in some districts than in others. It used to be 
exceedingly common in certain valleys in the Swiss Alps 
and in the Austrian Tyrol, as well as in other moxmtainous 
regions in various parts of the world. But it was not 
exclusively found amongst mountains ; it was prevalent, 
for instance, in certain parts of Canada adjoining the Great 
Lakes and in some maritime districts of New Zealand. 
In its mild forms simple goitre is not a very serious disease, 
but as the swelling develops grave inconvenience may be 
experienced as the result of compression of the wind-pipe 
and the other organs in the neck. Later, it may develop 
into myxodcema, a form of thyroid disturbance character- 
ised by physical and mental sluggishness and general 
impairment of functional activity. Moreover, a certain 
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number of the children born in badly goitrous areas are 
quite subnormal in their development. They are small in 
stature, weak in body and in mind. In the worst cases 
the mental capacity of these cretins (as they are called) is 
extremely low and they are quite incapable of taking their 
place in the community. It was early recognised that 
cretinism and the prevalence of goitre are closely con- 
nected. It was not so easy, however, to detect the essential 
cause of these two diseases, and it is only during the present 
century that the mystery has been finally solved. 


Table III.— The Eelatiohship or Iodine to Goitee 


Village 

Percent- 
age of 
Popula- 
tion 
liaving 
; Goitre 

Parts per Thousand Million of Iodine in : 

Milk 

Eggs 

Water 

1 

Books ! 

SoU 

Effingen . 

1 

276 

215 

2-3 

6,000-9,000 

12,000 

Hunzenscliwill 

56 

85 

so 

0-04-0-26 

300-700 

600 

Kaisten . 

62 ' 

73 

147 

0-6-0-8 

400 

800-2,000 


Adapted from the results of Th. you Fellenberg {Biochemische Zeitschrift 
Vol. 162, p. 141, 1926). 


A clue is afiorded by the data contained in Table III. 
The figures refer to three Swiss villages, Effingen, 
Hunzenschwil, and Kaisten. The second and third were 
highly goitrous ; in the first the incidence of the disease 
was only slight. The outstanding point is that in the 
goitrous villages the iodine content of the drinking water 
as well as of the vegetables consumed for food was very 
much less than in their non-goitrous neighbour. The 
suggested inference, namely, that simple goitre is the 
result of a deficiency of iodine in the diet, is supported by 
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extensive surveys wMch have been carried out during the 
last two or three decades in Europe, America, New Zealand, 
and other parts of the world. Goitrous regions are found 
to be deficient in iodine ; the soil, the drinking water, the 
vegetables, and even the animals all provide evidence of a 
general scarcity of this element. 

With our present knowledge of the function and chemistry 
of the thyroid gland, it is easy to understand the relation- 
ship between iodine deficiency and goitre. We now know 
that the thyroid synthesises a compound called thyroxin, 
which contains four atoms of iodine in its molecule (Fig. 25). 
This compound, in combination with protein, is secreted into 
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Kg. 25. Thyroxin. 


the blood stream, whence it finds its way to the tissues. 
There it plays an essential role, for it regulates the speed at 
which the basic metabolic processes of the cells are carried 
on. When too much thyroxin is present everything is 
speeded up, nervousness and restlessness appear, and on the 
least exertion the heart palpitates alarmingly. 

Sometimes the thyroid fails to function as the result of 
disease or it may have been removed completely by a 
surgical operation. In the course of a few months the 
state of the patient undergoes a dramatic change. The 
symptoms developed are just the opposite of those due to 
excess of thyroxin. Physical and mental sluggishness set 
in, and the body generally, but more especially the limbs, 
become stout and appear somewhat swollen. The skin 
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tends to become dry and brown, and the hair falls out. 
The discovery was made in 1891 that all these S 3 miptoms 
rapidly disappeared and the patient recovered practically 
normal health as the result of the administration by mouth 
of sheep’s thyroid. This discovery was an event of great 
importance in the history of medicine, for it not only 
brought relief to many patients suffering from a dis- 
tressing disease, but marked the beginning of a new epoch 
in the treatment of disease. It was later found that the 
thyroid was only one among many organs producing 
compounds essential to the well-being of the organism and 
emptying their secretions directly into the blood stream. 
It has been found possible to prepare many of these active 
compounds in a form suitable for administration to the 
human patient, and so one by one new and effective 
methods of treatment have been developed for various 
diseases due to deficiency of these particular secretions. 

However, it is only in the case of the thyroid gland that 
defective activity can be caused by a dietary deficiency. 
This is due to the accident that the somewhat rare element 
iodine forms an essential part of the active compound which 
the thyroid gland supplies to the body. The amount of 
iodine normally present in the food and drink of an ordinary 
mau is probably of the order of a milligram per day— quite 
ample for his needs, but not sufficient to afford a very large 
mflTgiu of safety. It follows that where there is a con- 
siderable diminution in the amount of iodine in the soil 
and waters in the neighbourhood, there is the possibility 
of the development of a real iodine famine. This is, indeed, 
what happens in the goitrous areas. Soil, water, plants, 
all show a subnormal content of iodine. Animals suffer 
as well as man. Sheep, cows, pigs, and other domestic 
fl.Tn'Tua.]R develop enlarged thyroids. The very fish in the 
lakes and streams exhibit the same symptoms of the 
ubiquitous disease. In the absence of a sufficient supply 
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of iodine, tKe thyroid gland, is unable to respond normally 
to the demands of the body for the all-important iodine- 
containing compound, and it endeavours to make up for 
its incompetence by an increase in size. The resulting 
unhealthy overgrowth produces the swelling in the neck 
characteristic of the disease. 

If goitre is so simply caused, it is just as simply pre- 
vented and cured. All that is necessary is to make certain 
that the populations of the goitrous districts, and especially 
young growing members of these populations, receive an 
adequate supply of iodine. It does not seem to matter 
very much in what form it is given as long as sufficient 
amounts of the all-important element are available to meet 
the needs of the body. In Switzerland the authorities 
distribute to the school children chocolate containing either 
sodium iodide or a suitable organic compound of iodine. 
In some countries iodide is added to the cooking or table 
salt sold in the afiected districts. By these means the 
incidence of goitre has been reduced drastically in many 
parts of the world in which it was once prevalent. In- 
dividuals abeady afiected by the disease may, of course, 
be cured by the administration of iodine. The swelling 
disappears within a week or two and the patient becomes 
entbely normal in health. 

The prevention of goitre by iodine is not only simple, it 
is also very cheap. The dose requbed is but a few milli- 
grams per week. A pound of iodine, costing about ten 
shillings, would suffice a whole village of a couple of 
thousand souls for a year. Knowledge and administra- 
tive efficiency are here of much more importance than 
finance, for the cost is trifling even to the poorest 
community. Abeady goitre in its more serious forms, 
and especially its tragic accompaniment, cretinism, 
has been virtually wiped out in most of the civilised 
world. 
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Another element which the animal body cannot dispense 
with is iron. This metal is an essential constituent of the 
red pigment hemoglobin which performs the important 
function of carrying oxygen from the lungs to the tissues. 
In the absence of a sufficient supply of iron, a shortage of 
hemoglobin inevitably develops : the bone marrow is no 
longer able to perform its function of building new red 
blood-cells. Consequently, a state of anemia develops ; 
that is to say, instead of about six million red blood 
corpuscles per cubic millimetre, the blood may contain 
four or even only two million. The transport of oxygen 
to the tissues in these circunastances is naturally very 
difficult, and chronic ill-health is the result. 

An adult man requires to absorb about 10 miUigrams of 
iron per day in order to make up for that lost by excretion 
and so prevent the development of angemia. Most food- 
stufis contain iron to some extent, but it is now generally 
agreed that for practical purposes only iron in the simple 
inorganic form need be considered, since iron in organic 
combination can only be utilised with difficulty if at all. 
In some foodstuffs half or more of the total iron exists in 
combination vdth certain of the organic constituents. In 
cereals over three-quarters of the iron is in this category ; 
but on the other hand practically the whole of the iron in 
white fish is available, for it exists almost exclusively in 
the inorganic form. 

With an ordinary mixed diet it may be taken that two- 
thirds of the total iron is available for absorption. It 
follows that the total iron consumed in the food must 
be substantially greater than the 10 milhgrams per day 
mentioned above. There is a reason to beheve that anaemia^ 
resulting from insufficiency of iron in the food is not very 
uncommon, and it is the opinion of some authorities that 
in the development of chlorosis, an ailment so common 
amongst young women a generation ago, simple iron 
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deficiency was an important factor in the production of 
the bloodlessness characteristic of this disease. Fortunately 
it is a simple and inexpensive matter to remedy any 
suspected deficiency. There is no need to indulge in the 
costly patent medicines so widely advertised ; all that is 
necessary is to take a trace of an iron salt (e.g., ferric 
ammonium citrate) every morning, and this treatment 
should not cost more than a penny or two for a whole year. 

Copper is another element, lack of which is associated 
with anajmia, but the role played by this metal in the 
body is rather more obscure, and the story of its elucidation 
is a rather interesting one. In most parts of the world 
young rats can be reared without difficulty on a diet of pure 
cow’s nulk. However, it was accidentally found that in 
certain districts of the United States young rats so nourished 
developed a very marked anaemia. It was then discovered 
that the milk used was unusually deficient in copper. In 
most parts of the world ordinary cow’s milk contains a 
trace of this metal, but in the particular districts of the 
United States where the milk was inadequate for the 
nourishment of young rats, copper was almost entirely 
absent. This peculiarity was traced to a deficiency of 
copper in the grass on which the cows fed. 

The addition of small quantities of copper sulphate to 
the milk diet of the rats produced an immediate improve- 
ment and eventually abolished the anaemia. At first it 
was doubtful whether the active substance was really 
copper and not some impurity contained in it, but the 
fact that even after the most careful purification, copper 
was still active, appeared to prove that that element was 
indeed the important substance. However, for some 
considerable time controversy raged over the question as 
to whether other metals as well, such as nickel or man- 
ganese, might not also protect against this form of anaemia. 
The difficulty was an experimental one ; it was not easy to 
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be certain that traces of copper were not contained in tbe 
substance to be tested or perhaps introduced accidentally 
in some other way, as from the fittings of the cage. The 
general conclusion from a large amount of work would 
seem to be that certain other metals are also active, but 
only when administered in considerably higher quantities 
than in the case of copper. There is little doubt that short- 
age of copper is the primary trouble in “ milk anaemia.” 

The relation between copper and iron in the formation 
of haemoglobin is an interesting one. In view of the very 
minute amounts of copper involved, it is natural to suppose 
that this metal behaves more like a lubricant in the process 
of haemoglobin formation than as an actual constituent. 
When anae mia develops in rats in consequence of copper 
deficiency, the iron is found to be stored up in the liver and 
spleen. If, now, small quantities of copper are administered 
to the anaemic animals, new red blood cells are rapidly 
produced and the stores of iron are correspondingly used 
up. Evidently the copper makes possible the utilisation 
of the iron for haemoglobiu formation. 

But perhaps it is in the rearing of farmstock that the 
importance of traces of metals in the diet has chiefly 
shown itself. It is now many years since it was demon- 
strated by the workers at the Kowett Institute that in 
certain circumstances young pigs which were sickly and 
languishing became healthy and vigorous if only they were 
given adequate supplies of iron. More recently it has been 
found that Gingin disease, scientifically known as Enzootic 
Ataxia, a cause of high mortality amongst lambs in certain 
districts of Australia, is due simply to a deficiency of copper 
in the pasture, due in turn to a lack of copper in the soil 
of the affected areas. Simple dressing of the ground with 
copper salts or the admmistration of copper to the lambs 
or mothers in the form of suitable “ licks ” has resulted in 
the saving of millions of pounds to the farmers concerned. 
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An analogous disease has also been recently elucidated 
in Australasia. The malady, known as Bush disease in 
New Zealand, and Coast disease or Enzootic Marasmus 
in Austraha, has been the cause of grave anxiety and heavy 
financial loss to sheep farmers in the stricken districts. 
A few years ago an energetic attack was begun on the 
problem, and now it has been found that the land where 
the disease is rife sufiers from a lack of cobalt. Complete 
cure and prevention follow the introduction of “ licks ” 
containing that element. No doubt there are still many 
similar cases of deficiency yet to be discovered. 

Even more widespread probably is the incidence, not of 
acute disease, but of poor health and stunted growth due 
to inadequate supply though not absolute lack. The cure 
is simple and it is cheap, for the amounts required are so 
small as to cost very little. 

Just as iron is necessary for the production of blood-cells, 
so calcium and phosphorus are essential for the develop- 
ment of bones. It is to be expected that the demand for 
these inorganic substances which go to the building up of 
the body structure will be most insistent and that the results 
of deficiency will be most disastrous in the rapidly growing 
young animal. This is indeed the case ; but it must not 
be overlooked that there is also a particularly great demand 
for these substances during the periods of pregnancy and 
lactation. If this demand is not satisfied, serious con- 
sequences may result. In India, where dietary deficiency 
is common, it not infrequently happens that a pregnant 
mother develops a great thinning and weakening of the 
bones as the result of calcium and phosphate being mobihsed 
in order to supply the needs of the developing child. In 
the case of cows a condition called “ milk fever ” sometimes 
develops during the early period of lactation, which used 
to be the cause of serious loss to farmers. In these days of 
high milk yielders a cow often supplies over three gallons a 

157 



THINGS WE MUST EAT 

day. Such a cow might lose more than fifteen grams of 
calcium in a single day, which would be sis times the total 
quantity of calcium contained in its blood. Evidently, 
then, the drain on calcium may be very great and it is not 
surprising that the cow is not always able to mobilise its 
reserves quickly enough after the onset of lactation to 
prevent a serious fall in the calcium concentration of the 
blood. Now such a fall may have grave consequences for 
the animal. If, for one reason or another, it occurs in a 
human being it results in coUapse accompanied by in- 
voluntary movements of a twitching, convulsive nature. 
The cow in milk fever collapses and exhibits the spasmodic 
movements typical of calcium deficiency. If the illness is 
sufficiently prolonged and intense, the animal may die. 
On analysis the calcium content of the blood is found to be 
abnormally low. Spectacular recovery is brought about 
by the simple procedure of injecting a solution of a suitable 
calcium salt (usually calcium gluconate) into the blood 
stream so as to make good the deficiency. 

It is an interesting fact that in the days before the exact 
nature of this disease was known, it was found empirically 
that inflation of the udders of the afiected cow with air 
was often successful in curing the animal. This treatment 
presumably acted by preventing the manufacture of milk 
in the mammary gland, thus stopping the drain on the 
blood calcium and making it possible for the deficiency 
to be met from the calcium reserves of the animal. How- 
ever, this method was a troublesome and painful one, and 
the new treatment constitutes a very important advance 
in veterinary science. 

Another case of deficiency developing under abnormal 
strain is sometimes met with in relation to sodium chloride. 
Salt has an importance in the body of a rather strange khad ; 
it is contained chiefly in our blood, and it is there because 
the sea in which our primitive ancestors lived contained 
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some salt (though not so much as it does now). Living 
animals are always trying to make themselves as inde- 
pendent as possible of their surroundings, and one of the 
earliest steps in this process was the estabhshment of a 
circulatory fluid of constant composition to bathe the 
tissues, and the simultaneous development of an im- 
pervious skin. The blood is thus an “ internal sea.” As 
such, the prime necessity is that its composition must not 
vary appreciably. 

Now, miners and others who do heavy work in warm, 
moist surroundings, sweat enormously (several quarts per 
day) in the endeavour to prevent their temperatures rising. 
Sweat is essentially salt water and the miner develops a 
thirst and a desire for salt food. If both these natural 
cravings are satisfied together, all is well ; but, thirst 
being the more urgent sensation, the miner is more im- 
mediately concerned to slake it, and the result is some- 
times a condition of serious prostration accompanied by 
acute muscular pains called “ heat cramps ” or “ miner’s 
cramps.” These cramps are due to water having been 
replaced without the salt ; and, indeed, the drinking of 
water containing about 1 per cent, of salt prevents and cures 
the cramps as well as the prostration. This example shows 
how profound may be the disturbance brought about by 
a quite simple cause and how easy may be the remedy. 

We may now go on to consider the second class of 
deficiencies, namely, those which result from the lack of 
certain organic compounds which the body requires in 
considerable quantities to build up new structures and 
make up for wear and tear. Certain amino-acids are the 
best-known members of this group. The fact that such 
compoimds are indispensable is evidence of a certain 
limitation of the synthetic power of animal tissues. It 
is of some interest to consider this question rather more 
fully. 
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Generally speaking, we may regard the plants as the 
great synthetic chemists of nature. This is true not only 
of the higher plants, whose green colouring matter, chloro- 
phyll, enables them to utilise the energy of sunlight for the 
purpose of synthesising carbohydrates and other complex 
compoimds from the carbon dioxide of the air, but it also 
applies to moulds and fungi and even bacteria (which are 
the simplest plants). Indeed, the synthetic activity of 
some of these moulds is truly remarkable. Some varieties 
of these primitive organisms, such as Aspergillus or Peni- 
ciUium, are able to grow on a medium containing only 
inorganic salts and a simple organic compound such as 
alcohol or lactic acid as the sole source of carbon. 

The micro-organism is able to synthesise from these 
simple starting-out materials all the comphcated molecular 
structures necessary for its existence. Carbohydrates, fats 
of various types, proteins containing a wide variety of 
amino-acids, are all synthesised in the cells of these primi- 
tive organisms. Evidently these minute living bodies, 
which in the case of bacteria may measure only about 1 /a 
( one thousandth of a millimetre) in diameter, are able to 
effect triumphs of organic synthesis far beyond the wildest 
aspirations of the most proficient human organic chemists 
of the present day. It is striking evidence of the com- 
plexity of even the very primitive types of living structure 
that this should be so. 

When compared with these organisms of the plant king- 
dom, animals, and especially the more highly developed 
ones, are quite deficient in their powers of organic synthesis. 
It is true that they are able to build up complicated mole- 
cules of carbohydrate and protein, but only if they are 
provided with the right starting materials. They seem to 
be quite unable to synthesise certain units which are 
essential for the construction of molecules of particular 
proteins. Amongst these are included the amino-acids 
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phenylalanine, tryptophane, and arginine. Certain of the 
other amino-acids can be synthesised from nearly related 
compoimds, but not from much simpler substances. Thus, 
for example, there is some evidence that histidine can be 
synthesised from arginine and that an animal can survive 
without the former amino-acid proiuded that sufficient 
quantities of the latter are available in the food. 

It is difficult to make any general statement regarding 
the synthetic powers of the animal organism, but it may 
be said that it is able to carry out many simple reactions 
which involve the removal of water from, or its addition to, 
an organic compound. In certain cases, too, it is able to 
effect the addition or removal of hydrogen or oxygen. Of 
course, with such reactions at its disposal it might con- 
ceivably be able to efiect the s3mthesis of quite complicated 
structures. In fact, it is probable that in the plant the 
majority of the highly elaborate syntheses are effected 
through a series of simple steps of this type. However, 
the fact is that in the animal organism these reactions seem 
to be applicable only to a very limited extent. 

At first sight we may perhaps be surprised that the more 
highly developed types of living matter are so deficient in 
synthetic power ; but further consideration suggests that 
it is not really so strange after all. For plants, it is abso- 
lutely vital that they should be able to build up their own 
structures ah initio. Being rooted in the soil and quite 
immobile, they can make use only of the compounds 
present in the ground and capable of being absorbed through 
their roots. This limits their sources of material to very 
simple inorganic compounds and to the carbon dioxide of 
the air. But animals are quite difierent. Chemically 
speaking, they are all parasites, which have learned how to 
absorb and utilise substances already synthesised in the 
bodies of plants or of other animals. Now it is a general 
rule of parasites that they lose their power of carrying out 
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those functions which they rarely or never exercise. They 
become lazy and degenerate. And so the animal body, 
finding it easier to live on the product of other organisms 
than to build up the structures it requires, does not possess 
the ability to sjmthesise all the structures essential for its 
well-being. 

This limitation in synthetic activity has several im- 
portant consequences. All living tissues are constantly 
undergoing a certain amount of wear and tear. This is 
naturally greatest during periods of work and activity, 
but even during sleep it is far from negligible. Con- 
sequently the tissues must ever be repairing themselves, 
and they must either sjmthesise the spare parts required 
or obtain them from without. The chief constituent of 
most tissues is protein, and, if body equilibrium is to be 
maintained, there must be present in the food an adequate 
supply of protein-building constituents. In practice these 
are most readily available in the form of proteins of plant 
or animal origin. An average-sized adult requires at least 
20 grams of protein per day to make up for the losses 
resulting from ordinary wear and tear. In order to allow 
for extra requirements, occasioned, for example, by work 
and exercise, it is desirable that his diet should contain at 
least 50 to 100 grams of protein. But it is not sufficient 
simply to include this minimum amount of protein in the 
food. If gelatin, for example, were the only protein eaten, 
even an unlimited supply of it would not prevent loss of 
weight and ultimate death ; for this protein contains no 
tryptophane and, as we have seen, this is an amino-acid 
which the animal body is unable to synthesise for itself. 
A number of other proteins are also deficient in one or 
other amino-acids, and hence alone they are unable to 
satisfy the animal’s needs. This is more often true of 
vegetable than of animal proteins. It is, of course, only 
natural that the flesh of one animal should contain all the 
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amino-acids necessary for the synthesis of the very similar 
proteins present in the flesh of another. Hence it is to be 
expected that on the average, any animal protein (apart 
from specialised types such as gelatin) will be more 
completely utilisable than a plant protein taken at 
random. However, on a mixed diet of pure vegetable 
origin which includes proteins of various types and from 
various plants, there is little likelihood of an amino-acid 
deficiency occurring, especially if the diet is a fairly 
liberal one. The need for an adequate supply of amino- 
acids is no argument against the adequacy of a purely 
vegetarian diet. 
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THE VITAMIN RACKET 

Perhaps, after all, tlie vitamins are rather a fraud. This 
is not to say that they do not exist or that they are not 
important ; on the contrary, there is no doubt but that 
we should all die if we did not consume them in sufficient 
quantities. But the whole idea of a group of pecuhar 
substances called “ vitamins ” is a subtly misleading one. 
We are apt to associate with this word the notion of 
a number of mysterious, intangible principles, dehcate 
essences, easily destroyed by heat or even by air. It is 
not so very long ago — a little over ten years— since some 
eminent authorities questioned whether vitamins really 
existed at all. In any case, they seemed to be things of 
a kind apart, and so strong was the impression they created 
of their pecuhar nature that they were given a name all to 
themselves. 

Now, in the first place, even if we allow for the moment 
that they have a claim to be considered as constituting 
a group of substances deserving of a special name, that 
name itself is a fraudulent, misleading one, for it was 
given on the assumption that these compounds were all 
amines (see p. 76). The fact is that some of them are 
amines, but others are not. It is true the word is now 
usually written -without a final “e,” and this partially 
atones for the unhappy choice, but the suggestion of mis- 
representation still hangs about the word. 

However, the more serious point is that the use of 
the name “ vitamin ” suggests that these substances form a 
natural group of compounds in some way distinguished bio- 
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logically or chemically from all others. It was possible to 
support this idea as long as none of the so-called vitamins had 
been isolated nor even proved to be an ordinary chemical 
compound, but first one vitamin and then another was 
obtained in pure form and its constitution established. 
They turned out to be ordinary chemical compounds, most 
of them not even specially unstable. They just happen to 
be compounds which the animal organism cannot make for 
itself, and since they are essential for the proper functioning 
of the body they must be supplied in the diet. But as 
we have seen, many other substances not usually called 
vitamins must needs be included in the diet if the animal 
is to survive in good health. The name “ vitamin ” was 
invented to denote a few of these necessary substances which 
at that time could not be isolated. 

It is true that all the vitamins have this featme in 
common ; that they are requireci by the animal organism 
only in very small amounts. But in a sense this merely 
emphasises the point which has just been made. If any 
of these compounds had really been required by the 
organism in large quantities, it would probably have 
been isolated and identified at an early date, and for 
this very reason would not have been included among 
the vitamins. Thus, for example, the essential amino- 
acids might easily have been included among the vitamins 
if they had not already been known as definite chemical 
compounds. In any case, the smallness of the dose is, 
after all, a purely relative matter. Even one microgram 
(a unit in which it is often convenient to measure doses of 
vitamins) which is one millionth of a gram or about one 
five hundred millionth of a pound, vfiU contain about a 
thousand milHon miUion(l,000,000,000,000,000) molecules — 
rather more than one molecule for every cell in your body. 
Further, different vitamins differ quite widely in the order 
of dose required. Thus the daily dose of vitamin Bj 
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required to prevent convulsions in pigeons is of the order 
of a few microgranos, whilst for vitamin C, the factor which 
prevents and cures scurvy, the quantity required daily 
by guinea-pigs has to be reckoned rather in milhgrams. 
And in respect of this latter vitamin different animal species 
vary widely in their requirements. Thus, to take an extreme 
ease, rats appear to be able to hve on a diet completely 
lacking in %dtamin C. It is not that their tissues can really 
function without the vitamin, but rather that it is synthesised 
wnthin their bodies, either by some of their own organs or by 
bacteria within their intestinal tract. 

There is still another difficulty with which we are con- 
fronted if we wish to retain the idea of the vitamins as a 
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definite and well-defined group of substances. This may 
be illustrated by considering the case of vitamin A, one 
of the factors which are necessary for growth and in the 
absence of which resistance to various bacterial infections 
appears to be lowered. In particular, a disease of the eyes 
called “ xerophthalmia ” commonly develops. Certain 
fish liver oils, for example that from the cod and more 
specially that from the hahbut, are very rich in this factor. 
From such somces a compound of extreme activity 
(sometimes called “ Axerophthol ”) may be isolated of 
which the probable constitution is shown above (Fig. 26 ). 
However, it is not really necessary to have this compound 
at aU, for it is found that its place may be taken by a much 
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commoner substance called carotin. This red compound 
is widely distributed in nature, but was first isolated from 
carrots. 

However, the doses of carotin wbicb are required are 
larger than those of the compound isolated from the liver 
oils. The explanation becomes clear if we inspect the 
formula of carotin (Figure 27 : jS-carotin) and compare 
it wnth that given in Figure 26. It is evident that carotin 
would be converted into the more active compound if it 
underwent fission at the point marked x, for the two halves 
of the carotin molecule are very closely related to the 
structure shown in Figure 26. It is therefore concluded 
that in the animal body carotin is converted to the active 
compound. Some years ago the situation was found 
to be somewhat more comphcated. Crude carotin was 
fomid to be a mixture of three chemical compounds. In 
each of these compounds the molecule may be regarded 
as made of two halves, but whereas in ^-carotin the two 
halves are identical and both possess a structure precisely 
analogous to the vitamin, in a-carotin only one of the two 
halves is of this type, the other being somewhat different. 
The third component, y-carotin, resembles a-carotin in 
being asymmetrical in structure, but is present in only 
small proportions and need not concern us further here. 
The two carotins, a and may be represented as XX and 
XY respectively, where X is the group which gives rise to 
the active compound. 

It follows that )8-carotin should be twice as active as 
a-carotin. This is, in fact, found to be the case and so it 
seems certain that these carotins are active in virtue of 
being converted into the compound present in the liver 
oils. Of course, both may be converted ultimately into 
some other compound still unknown — on this point we 
cannot even hazard a guess, for we do not know just how 
vitamin A produces its effects. It has been suggested 
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that the name “ vitamin A ” should be retained for the 
highly active substance found in the hver oils, and carotin 
should be called a “ provitamin.” 

A similar suggestion has been made in respect of vitamin 
D, the factor which protects young animals against rickets. 
Here, however, the situation is not quite parallel and it is of 
interest to examine it in some detail. 

As the bones are composed essentially of calcium 
phosphate with a little carbonate, proper ossification is, 
of course, impossible unless there is a sufficient supply 
of calcium and phosphate in the diet. However, these 
are very inefficiently absorbed and utilised unless an 
adequate supply of vitamin D is also available. The 
story of the elucidation of the nature of this vitamin takes 
us back to the early days of vitamin research and is a 
good example of the roundabout route which science must 
sometimes follow in order to reach its goal. 

After the Great War rickets was terribly common 
amongst the children in the cities of Central Europe. 
This was an aftermath of the malnutrition and privation 
which the catastrophe brought in its train. In Vierma, 
where conditions were very bad, it was discovered that 
exposure of the children to sunlight had a wonderfully 
beneficial effect. At about the same time it was demon- 
strated that cod liver oil and also certain other natural 
products wiU protect children and young animals from 
rickets even in the absence of sunlight. The facts available 
suggested that cod liver oil was rich in a rickets-preventing 
(anti-rachitic) vitamin, and that a provitamin existed in the 
tissues and sldn of animals, capable of being transformed 
into the vitamin as the result of irradiation. Following 
up this line of investigation, it was found that the short 
(ultra-violet) rays are the active component of the sunhght, 
and it was soon established that it was sufficient to irradiate 
the food of an animal to save it from rickets. Further, 
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when the different components of the food — fats, carbo- 
hydrates, proteins, salts, etc. — were separately treated, 
it was only the first which developed anti-rachitic power, 
and, indeed, only the small fraction which resists saponifi- 
cation. The search soon narrowed down to the well- 
known substance, cholesterol, and for a few months it was 
thought that here at last was the “ provitamin.” But 
then, to everybody’s surprise, it was suddenly discovered 
that almost all samples of cholesterol contained as an 
impurity a small but significant amount of a closely related 
substance, ergosterol. Pure cholesterol, it was found, 
could not he activated by irradiation : it was really 
ergosterol which gave rise to the anti-rachitic substance. 

This line of investigation was crowned with success a 
year or two later, when the active compound, the vitamin, 
was isolated from the irradiated ergosterol in a pure 
crystalline form. It was called calciferol, and was highly 
active, the total dose (spread over ten days) required to 
cure a rachitic rat on a diet otherwise laeWg in vitamin 
D being of the order of 0*5 micrograms. The vitamin D 
problem appeared to be solved. But soon clouds began 
to appear on the horizon : it was found possible to separate 
from fish liver oils a fraction actually more active (in certain 
animals) than pure calciferol. Could it he that more than 
one substance possessing vitamin D activity existed, and 
that calciferol, though certainly active, was not the most 
potent compound ? This, indeed, proved to be the 
case, and it has been found that quite a number of com- 
pounds, all closely aUied to ergosterol, give rise to active 
substances when irradiated by ultra-violet light. The 
most active product so far known is that obtained by 
irradiating an oxidation product of cholesterol. Thus 
there are several compounds all of which can cure rickets, 
and all having therefore the right to be called vitamin D ; 
corresponding to these there are several “ provitamins ” — 
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all closely related substances. The active substances 
presumably all act in tbe same manner, although their 
activities differ in a quantitative sense. 

When a number of allied compounds have the same 
physiological effect, but differ in a quantitative sense, the 
question at once arises as to whether the various compounds 
have each an independent action or whether there is really 
but one active compound and the others act only after 
they have first been converted into it. Sometimes tbis 
question is rather difficult to answer with certainty, as 
when the active compounds are so related that they might 
be expected to be readily convertible into each other in vivo. 
However, in the case of the various compounds with 
vitamin D activity, easy interconvertibihty in vivo is 
scarcely to be anticipated on chemical grounds in spite of 
their close relationship. It is more probable that anti- 
rachitic activity is a property of a whole class of related 
compounds which, being allied in structure, exhibit 
similar physicochemical, and therefore similar physiological 
properties. 

The same question arises in connection with certain 
other vitamins. Consider, for example, the factor at one 
time denoted by Bg, but now usually called lactoflavine 
or riboflavine, which is essential for the proper growth 
of rats, and no doubt of other mammals as well. Lacto- 
flavine is found to consist essentially of a fused system 
of three rings, called an isoalloxazine nucleus, carrying 
three side chains. Two of these are methyl groups 
and the third has a structure very closely related to 
the sugar ribose — hence the alternative name. This 
vitamin, which is represented in Kg. 28 , has now been 
prepared synthetically in the laboratory. There is in this 
case no evidence that other similar active compounds 
exist in nature, but it has been found possible to synthesise 
a number of related substances by methods similar to 
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those employed in the synthesis of the vitamin itself. 
Some of these synthetic products possess definite activity, 
though in no case is this as great as that possessed by the 
naturally occurring vitamin. Thus the omission of one of 
the methyl groups reduces the activity to half of the 
original value. Omission of the ribose side chain results 
in complete inactivity, but it may be modified in various 
ways and still retain some effect. For example if the ribose 
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Fig. 28. — The Structure of Lactoflavine. 


configuration is replaced by a closely related one, namely 
that of arabinose, the activity is reduced by about 70 per 
cent. 

The history of scurvy is intimately connected with the 
development of long-range navigation. It was only 
when Vasco da Gama sailed round the Cape to the East 
Indies in 1497, and so introduced that era when voyages of 
three, six, or even twelve months were the order of the 
day, that scurvy became the dreaded disease of the sea. 
The calamitous effects of this malady may be illustrated 
by reference to Lord Anson’s expedition. Five Admiralty 
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ships left England under his command in September 1740 ; 
of these but one returned after four years’ absence, and 
brought baci: only 6 per cent, of the original crew. Of 
the others the vast majority had died of scurvy. It was 
in 1796 that the institution of a ration of lemon juice 
practically abolished scurvy from the British Navy, but 
it continued to be rife in the mercantile marine for another 
seventy years, until in 1865 Board of Trade Regulations 
made the lemon-juice ration compulsory in this service also. 
Many descriptions of the disease have come down to us from 
the seventeenth and eighteenth centuries. We read of 
the terrible suffering of the men — how their gums became 
swollen and spongy and their teeth dropped out, their 
flesh bled internally, their bones weakened and fractured ; 
how their strength was lost, and they were in constant 
racking pain, until at last death came, perhaps with 
dramatic suddenness after some minor exertion, perhaps 
as the result of an attack of some infection on the already 
W'eakened body. 

Vitamin C may well be regarded as the senior of the 
vitamins. It is now two hundred years since Captain Cook 
realised how important it was to provide his crews with 
vegetables and fruit on their long voyages if they were to 
avoid scurvy. Though he did not know the word ‘ ‘ vitamin ’ ’ 
he appreciated the point which was all-important practically. 
And this same antiscorbutic factor Avas the first to have 
its constitution completely elucidated, and the first to be 
synthesised in the laboratory (see Plate II). 

It is now over a quarter of a century since it became 
generally realised that this vitamin was relatively abundant 
not only in lemon juice but in most fruit juices and in fresh 
green A^egetables. These are our natural sources of this 
essential food factor. But, curiously enough, it was not 
from any of these materials that it was first obtained in a 
p uxe form. The story of its isolation by Sxent Glyorgyi from 
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the suprarenal glands of animals, not as a vitamin but 
as an important factor in the processes of cellular oxidation ; 
of his suspicion that this crystalline compound might be 
identical with vitamin C ; the gradual conversion of this 
suspicion into certainty as more and more evidence accu- 
mulated ; and finally his isolation of the substance in 
q^uantity from the juice of the red pepper (paprika) of his 
native Hungary— all this is a very interesting and re- 
markable story of long and laborious effort crowned with 
final success. But it is also a story which well exemplifies 
the international character of scientific research. For 
Szent Gyorgyi himself worked not only in Hungary but also 
in Britain and America ; and the credit for demonstrating 
the identity of the suprarenal compound with Vitamin 
C must be shared by him with the American biochemists 
C. G. Fing and W. A. Waugh, who reached the same 
conclusion almost simultaneously. 

Although ascorbic acid, as this crystalline compound is 
now called, is without doubt largely responsible for the 
antiscorbutic value of orange juice and other fruit juices, 
Szent Gyorgyi himself has recently raised the question 
as to whether it is the only active factor therein. Amongst 
the disturbances characterising scurvy is an abnormal 
permeability of the walls of the blood capillaries, but 
though cure is effected by the administration of fruit- 
juice or green vegetables, yet according to this recent 
work pure ascorbic acid is not effective. Szent Gyorgyi 
finds, however, that small quantities of certain non-nitro- 
genous constituents of plant tissues belonging to the 
group of flavones (for example, hesperidin, present in lemon 
juice) are able along with pure ascorbic acid to effect 
complete cure of the disease. In other words, hesperidin 
is really a vitamin and it (or an equivalent compound) is 
essential for the health of the capillary walls. Szent 
Gyorgyi proposes to call this factor vitamin P, as it prevents 
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abnormal permeability. In this case the constitution of 
the compound was known even before it was recognised as a 
\’itamin. 

Once ascorbic acid could be obtained in reasonable 
quantities, the way was open for an attack on the problem of 
its structure by the methods of organic chemistry. The 
struggle was a short but highly exciting one. The vitamin 
had contrived to lead the attackers off the scent by laying a 
false trail. It behaved like an acid and everyone assumed 
that it contained a carboxyl group. On this basis certain 
formulae were proposed and work on the synthesis of the 
vita min begun. However, the help of the X-ray crystallo- 
grapher was called in. Dr. Cox was able to assure his 
colleagues, -Professor Haworth and Dr. Hirst, that the 
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CO— C=C— CH— CH— CHjOH 
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Fig. 29. — ^Ascorbic Acid. 


X-ray diagrams could not possibly be produced by a 
compound having any of the proposed structures. Indeed, 
no formula containing a carboxyl group would fit all the 
facts. And so the trick was found out, and it was realised 
that ascorbic acid does not really possess a carboxyl group 
at all. Having then cleared away this erroneous con- 
ception Haworth and Hirst suggested the true formula, 
according to which the acidic properties are due to a 
special configuration containing two hydroxyl groups as 
shown in Fig. 29. 

But a very curious thing happened. Usually the final 
proof of the structure of a substance is afforded by its 
sjmthesis in the laboratory. Various workers had begun 
to synthesise the vitamin on the basis of wrong formulae, 
and the extraordinary thing is that one of these efforts 
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•was successful. For just before tKe correct structure "was 
discovered, Eeicbstem, -working in Zurich, announced the 
synthesis of the natural product. Haworth and Hirst, of 
course, were able to show that the synthesis by the route 
actually followed -was in fact compatible with the new and 
correct formula, and they themselves effected a similar 
synthesis independently. Nevertheless it is a very unusual 
and almost unprecedented thing that the wrong formula 
should suggest the right method of synthesis. The v/rong 
structure was, of course, fairly closely related to the right 
one, but even so the case illustrates how unexpected may 
be the snags ■which trip up the research worker. 

Once the formula of the naturally occurring ascorbic acid 
was known, it became possible to prepare a number of 

1 

CO— C=C— CH— CH— CH— CH3 

II II 

OH OH OH OH 
Fig. 30. 

closely related compounds and to find out whether these 
also possessed a vitamin C activity. It was found that 
some of them did, though in no case was the effective dose 
as small as that of ascorbic acid itself. The compounds 
which proved to be active all contained the ring system 
of ascorbic acid ; minor changes which left the ring intact 
reduced, but did not abolish, the actmty. Thus the com- 
pound represented in Fig. 30 can replace ascorbic acid, 
though five times the dose is required. 

The same lack of exact specificity is shown by vitamin 
Bj, the factor necessary to prevent the development of 
beriberi. Human beriberi is a disease found in many 
parts of the world, but especially in those regions such as 
the Far East where polished rice is the staple article of diet. 
The disease is characterised by serious inflammation and 
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degeneration of the nerves ; the heart is also affected, 
and indeed death frequently occurs from heart failure. 
One form of the malady is accompanied by a dropsical 
swelling of the limbs and even of the body generally. 
Such are the tmpleasant consequences which ensue if we 
fail to consume the necessary daily dose of vitamin Bi, 
a quantity which would scarcely equal in amount a crumb 
of bread or a single grain of sugar. 

It has been known for several decades that pigeons fed on 
polished rice also develop a related disease, avian beri- 
beri, characterised by curious head movements, loss of 
appetite, and ultimate death, which can be cured with 
dramatic speed by the addition to the diet of a little 
marmite (autolysed yeast) or rice polishings, as well as 
by small quantities of many other substances. It was 
obvious that the birds suffered from a deficiency of some 
essential factor contained in these supplements. 

The isolation of the vitamin defied all attempts for 
many years, but after various false alarms, a crystalline 
substance (“ aneurin ” or “ thiamine ”) was at last obtained 
which was generally acknowledged to be the vitamin 
itself. 

The compound is particularly active, and probably for 
this reason it exists in nature in very low concentrations. 
Consequently it was a very laborious matter to isolate it in 
sufficient quantities to elucidate its constitution, but this 
very difficult work was successfully accomplished by 
Williams and his colleagues (working in the chemical 
laboratories of the Bell Telephone Company !), who 
ultimately assigned to it the formula shown in Fig. 31. 
The constitution has since been confirmed by synthesis. 
As in the cases of ascorbic acid and lactoflavine, once the 
constitution was definitely known it was not very difficult 
to prepare in the laboratory a number of compounds having 
closely related structures, and again it was found that 
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physiological acthdty is by no means limited to the com- 
pound wbich occurs in nature. It is evident, therefore, 
that names such as vitamin C, vitamin Bj, and vitamin D 
must be regarded as referring not to a single compound 
but to any one of a group of closely related compounds, 
all of 'which are active in varying degrees. Only one of 
these may occur in nature, but in the case of ■vitamin D at 
least it is certain that ordinary foodstuffs contain various 
representatives of the group. 


N— C— NHa 
11 11 yCH-S 

CHa-C C-CHa-Nf 
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N=CH I 
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+ 


cr 


Fig. 31 .— Vitamin Bj. 


It is remarkable in ho'w very many 'ways vitamin 
deficiency may manif est itself. Sometimes, as in the 
case of scuT'vy, many different organs of the body may be 
affected. In the case of vitamin D, on the other hand, one 
particular function, namely the proper ossification of the 
bones, is predominately disturbed. AVith practically aU the 
vitamins deficiency is much more serious for the growing 
young than for adults. This is, of course, what one 
would expect, for in the former case it is necessary not only 
to make up for the losses due to wear and tear but also 
to provide for the needs of the new tissues. It is only 
natural to expect that in the absence of adequate supphes 
of these components necessary for the proper functioning 
of body cells, growth would be inhibited. Actually, 
subnormal gro'wth of the young is perhaps the commonest 
symptom of ■vitamin deficiency. But ■vitamins are kno'vm 
which have a much more specific action. For example, we 
may take the very interesting case of vitamin E, required 
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by rats, and possibly by otter animals during the repro- 
ductive period. In its absence both males and females are 
infertile. The reproductive cells of the male become 
atrophied ; in the female conception can take place and 
the embryos begin to develop, but they die after a short 
time. A relatively rich source of vitamin E is the oil 
obtained from the germ of wheat seed ; it is also found in 
rice germ and cotton seed oils, as well as certain foodstuffs 
of vegetable origin. Two active compounds have been 
isolated, called a and jS-tocopherol ; both are oils, of 
the formulas C29 H50 O2 and C28 H48 O2 respectively, 
which yield well-defined crystalline derivatives. The 
synthesis of a-tocopherol has been recently achieved by 
the Swiss chemist Karrer, and also by Drs. Todd, Bergel, 
Jacobson, and Work, of the Lister Institute, London. 

The subject of the vitamins has grown to enormous 
proportions. Every month dozens of new papers appear 
dealing with one or other of these factors. A complete 
detailed account of our present knowledge of the subject 
would occupy a book of several volumes, and of course all 
this research has cost a great deal of money. What are 
the practical results ? These are not far to seek. Rickets 
has been, or might be, completely abolished. The cause 
of scurvy is understood and the disease easily prevented. 
It is only the dietetic and economic absurdities of mankind 
that permit the continued existence of beri-beri and 
pellagra (see p. 198 ). These great scourges are now under- 
stood, and here understanding should mean mastery. 

But there has been another result which though less direct 
and less dramatic is perhaps of even greater importance for 
the average citizen of the Western world. The public 
has become “ diet-conscious.” They are, of course, 
ignorant of most of the details of the new knowledge, but 
a general impression has filtered through. And it is here 
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tiat the invention of the word “ vitamin ” has been really 
justified. It has provided the public with an easily 
remembered label for a very important idea — the idea that 
the value of a diet does not reside solely in its quantity 
or even in the nature of its major constituents, but in part 
depends on the presence of other important factors, strange, 
perhaps in their nature but quite essential for healthy 
existence. And it has also become generally reahsed that 
these factors are particularly rich in certain kinds of food, 
especially fruit and fresh vegetables. All this has gone to 
awake the public to the need for an adequate and varied 
diet, and above all things an adequate and varied diet for the 
young. 

This double effect of knowledge on the community — 
partly direct, partly indirect — is not peculiar to vitamin 
research ; it is a feature of medical research in general. 
Thus, though the knowledge of bacteriology and of the 
aetiology of infective diseases has undoubtedly resulted 
directly in the control or abohtion of many serious 
maladies, yet quite apart from this, the pubhc has gradually 
realised that dirt and insanitary conditions do constitute 
a menace to public health. They have in consequence 
become more willing to pay the price for cleanhness and 
common decency. They have become “ sanitary-minded.” 
In a community in which active research work on medical 
subjects is constantly going on, interest in the problems of 
health diffuses in ever-widening circles until finally the 
whole community is willing to take practical action. 

How far is the existence of vitamin deficiency an urgent 
problem in the Europe and America of to-day ? In most 
regions of these two continents scurvy, beri-beri, and 
pellagra are very rare or non-existent. Rickets is occasion- 
ally met with in the children of some of the more backward 
northerly countries — its existence in more or less developed 
forms in the Scottish cities is doubtless related both to the 
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low amount of sunshine available, and to the fact that the 
infantile death-rate in Scotland is the highest of any of the 
countries of west or north-west Europe. But these diseases 
are the sign of gross deficiency. It is probable that at the 
present time the chief trouble is rather the existence of 
widespread insufficiency — a lack not severe enough to 
cause disease of an acute type, but still responsible for a 
general lowering of vitality. We know that in many 
people the stores of vitamin C are habitually very low ; 
we hnow that many diets in common use definitely contain 
less than the 400 to 500 units of vitamin which observa- 
tion and experiment show to be necessary for complete 
efficiency ; we know that rats kept for a long time on a 
diet very low in this vitamin, but containing enough to 
prevent the development of acute sjnnptoms, develop an 
abnormally large number of digestive and heart disorders. 
There is, in fact, a substantial body of evidence pointmg 
to the conclusion that a large proportion of the population 
do in fact consume inadequate quantities of the vitamins 
and that the supplementing of their diet so as to make up 
this deficiency would result in a very appreciable increase 
in the national well-being. It is where wages are low, 
so that the need for cheapness mainly decides what is eaten, 
that the problem is an acute one. It is here that wise 
spending is most essential. It has been shown that any 
deficiency in vitamin B^ which may exist would be largely 
removed if wholemeal bread were in general use instead of 
white. In removing the germ of the wheat our millers, 
in deference to pubhc taste, are actually discarding just 
what the consumers most need. We have aU heard, too, of 
the destructive action which the cooking of green vegetables 
is likely to have on their vitamin C content. The unique 
position of milk as an article of diet depends in part on its 
vitamin content, and the terrible extravagance of converting 
it into pigs’ food and even ladies’ combs is gradually being 
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realised. A healthier and fitter nation is all the cry: 
exercise and sports can do something towards this ; pre- 
ventive medicine can also do something ; but proper diet 
can do more than either. 

To-day it is reahsed as never before that bare sustenance 
is not enough. Undernutrition is an evil less acute but 
far more prevalent than actual starvation. To-day the 
public have become conscious of the existence of under- 
nutrition ; to-morrow they may be ready to abohsh it. 

In one respect, perhaps, the vitamins are symbolic of a 
great change which had been going on during the last few 
centuries and is still proceeding. In early times the soil 
and the which fed on it were the immediate 

sources of practically all that man required. Gradually 
processes of manufacture sprang up, first no doubt the 
cooking and preparation of food, then the spinning of wool 
and weaving of cloth, and later more complex operations. 
Gradually we have been separated further and further 
from the soil, and have become dependent to an ever- 
increasing extent on processes of manufacture. The 
chemistry of nature is being supplemented, and even 
replaced, by the chemistry of man. So far, however, our 
foodstuffs are still essentially the product of the plants and 
the animals. No doubt it will be a long time yet before 
our factories turn out juicy roasts from coal-dust, water, 
and air. Synthetic food en masse is as yet afar off. But 
a beginning was made in that direction when a httle over 
twenty years ago the fixation of atmospheric nitrogen 
became a commercial possibility. Previously the plants 
had to be fed with nitrogenous compounds, for the most 
part in the form of manure derived from animal excrement, 
or else were dependent on the synthetic activities of 
bacteria. But the solution of the problem of the technical 
fixation of atmospheric nitrogen made possible the replace- 
ment of these sources by artificial manures. And so the 
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roast beef of Old England is not quite what it was : tbe 
nitrogen in it now conies not jErom tbe farmyard but from 
the factory. 

Another change tending in the same direction is even now 
in progress. Only a few years ago we were absolutely 
dependent for our vitamins on natural sources. Indeed, 
most of us believed that the nearer we kept to nature 
the better. Even cooking was found to be deleterious, 
tending to destroy these essential factors. But with the 
development of methods for the synthesis of certain 
vitamins, their commercial manufacture has become a 
practical proposition. Already vitamin D (calciferol), 
prepared by irradiation of ergosterol, synthetic vitamin C 
(ascorbic acid), and vitamin B^ (aneurin) are on the 
market. It is true that in the first two cases natural 
products are utilised as starting-out materials and that the 
synthesis is only a partial one, but some at least of 
the work of the living cell has been taken over by the 
factory. That the manufacture of vitamins is really an 
important proposition is evident from the liberahty with 
which the great German and Swiss chemical companies are 
subsidising research on the subject and hastening to 
take out patents to cover the new discoveries. However, 
looked at in proper perspective, these remarkable develop- 
ments in the synthesis of the vitamins represent but one 
more stage in the great process of replacing the synthetic 
activities of the Hving cell by the synthetic activities of man 
himself. 


183 



CHAPTEE XI 


NATUEE’S STEPPING-STONES 

We have already obtained some idea of the extremely 
complicated structures which the living cell is able to build 
up. Many of those triumphs of molecular architecture are 
quite beyond the synthetic resources of even the most 
sMlful organic chemist of to-day. In the ease of many of 
the simpler natural products, the laboratory chemist has 
succeeded in imitating nature in as far as he has been able 
to build them up from simple substances and ultimately 
from the elements. Every year the list of natural 
products so synthesised in the laboratory increases both in 
number and variety. Alkaloids and other plant products 
of toxic and medicinal power, oils and essences of various 
kinds, the substances responsible for the smell of the civet 
cat and for the odour of violets, the colouring matters of 
the flowers of the geranium and the rose — ^all these and 
many others have been produced within the flasks and 
test-tubes of the organic chemist. Even hsemin, the 
characteristic iron-containing structure present in hsemo- 
globin in combination with a protein, has been synthesised 
in the laboratory. But the majority of compounds which 
are constantly being formed in the living cell are still out- 
side the range of the chemist’s technique. How are they 
produced ? 

The problem appears all the more remarkable when we 
t hink of the conditions under which the living cell works. 
The organic chemist has at his disposal a whole series of 
powerful reagents — concentrated acids and alkalis, com- 
pounds of high chemical reactivity such as aluminium 
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chloride and phosphorous pentachloride — and, this is most 
important, he is able to control the temperature at which 
his reactions take place. He can keep his substances, 
should he wish, far below the freezing-point of water — 
when necessary in the neighbourhood of absolute zero — or 
he can pass them through red-hot tubes. But in spite of 
tbis great control of the experimental conditions and in 
spite of his unceasing attempts to improve his methods, 
he is often unable to avoid the formation of many useless 
by-products and his yield of the desired compound may 
correspond to only a very small fraction of his starting-out 
material. 

The living cell, on the other hand, must perforce carry 
out all its reactions at a constant temperature or at one 
which varies only within narrow limits, furthermore, 
with a few exceptions, the medium within which these 
reactions are carried out is nearly neutral. Strongly acid 
and strongly alkaline solutions are equally excluded. Yet 
in many cases the yield of the desired compound is very 
high, and where by-products are produced they are usually 
limited to such as can be utilised for some other purpose. 
Thus the whole chemistry of the living cell is of a smoother, 
more efficient, more elegant type than that to which we 
are accustomed in our beakers and test-tubes. What 
secrets do the animals and plants possess which make it 
possible for them to carry out these feats of chemical 
technique 1 

Not only does the chemist fail to copy nature’s elegant 
synthetic methods, but even the far simpler task of breaking 
up complex molecules into their component parts is one 
for which nature’s methods are much more efficient than 
his. If the chemist wants to hydrolyse starch into sugar, 
he can do no better than to boil it for an hour or so with 
hydrochloric acid. Compare with this the impressive 
rapidity with which a drop of saliva will bring about this 
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fission of the starch molecule at body temperature. In a 
minute or two the starch no longer gives its characteristic 
blue colour when tested with iodine ; within ten minutes 
the sweet taste of sugar is obvious. The reader will 
remember that the saliva, so far from being helped in its 
work by high temperature, is rendered inactive by the 
application of heat. There is evidently present in fresh 
saliva some “ thermo-labile ” reagent which brings about 
the conversion of starch into sugar, a process which in 
ordinary neutral solution would take years to accomplish. 
This agent is one of the most easily demonstrated of a 
large class of substances which are called enzymes. These 
extraordinary substances may be likened to lubricants in 
a machine. They do not supply energy, nor in any sense 
do they drive the reaction, but they make its course very 
much easier than it would otherwise be. 

It may be said that practically all chemical processes 
which take place in living tissues depend on the presence 
of enzymes. There is one large group of these agents con- 
cerned in reactions involving splitting up of large mole- 
cules such as carbohydrates, proteins, and fats into their 
constituent parts. The same enzymes under other con- 
ditions are also able to facilitate the converse reactions, 
the synthesis of such compounds from their constituent 
units. These agents are evidently of great importance in 
the synthetic activities of the living cell. Another large 
group of enzymes is concerned with the various processes 
of adding or removing hydrogen and oxygen. Other 
enzymes are concerned with more specialised reactions, 
such as the removal of a carboxyl group from an organic 
molecule. In fact, the number of enz3nnes is amazingly 
large, and many of them are highly specific not only in 
respect of the type of the reaction which they facilitate 
but even in respect of the particular compounds on which 
they are able to act. 
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We have to imagine the whole mass of chemical activity 
which is so characteristic of the living cell as being governed 
and guided at every point by these innumerable and 
ubiquitous enzymes, each one present exactly where it is 
wanted and just in the right amount. Frequently it is a 
question of building up a complex substance out of its 
component parts or of carrying out a long series of reactions. 
For this purpose we must imagine the enzymes to be 
arranged in the right order so that each one comes into 
action at the exact point at which it is required, just as in 
the mass production of motor cars each worker does his 
little part in its construction and the car then passes on. 
When we remember that minute bodies like bacteria must 
contain many such enzyme systems, all localised in space 
and separated from each other, we realise how extra- 
ordinarily intricate and subtle the structure of the living 
cell must be. 

Clearly, if we could synthesise enzymes at will, industry 
would be revolutionised as a result of the ease with which 
operations, at present laborious and expensive, could be 
performed. But the first step towards this end is to dis- 
cover what an enzyme really is, to elucidate its exact 
chemical structure. Already a promising beginning has 
been made in this direction, though the dif&culties are 
great. Even attempts to obtain enzymes in a pure form 
have encountered serious obstacles. These mysterious 
substances are so active that very small amounts are able 
to promote reactions on quite a large scale. Consequently, 
the actual quantities present in the cells of animals or 
plants is usually extraordinarily small, and the result is 
that it is a matter of extreme difficulty to obtain reason- 
able quantities of an enzyme for the purpose of chemical 
manipulation. The trouble is all the greater because 
enzymes prove, in many instances at least, to be protein- 
like in character, and, as we have already seen, the chemical 
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investigation of proteins, witli their large and often highly 
sensitive molecules, is one of the most formidable tasks 
■which the organic chemist can undertake. In recent years, 
ho'wever, much -work has been done in this field, some of 
it of a novel and interesting nature, and some real progress 
has been made. 

The ordinary methods of purifying an organic compound 
involve principally the processes of distillation and 
crystallisation. The former is evidently inapplicable to 
unstable solids like proteins or enzymes. The latter 
appeared to be equally useless, for, as obtained in cell 
extracts or body fluids, the active agents are al-ways 
associated with an overwhelming amount of inert protein, 
from which it seemed hopeless to expect them to crystallise 
out. Add to this the fact that the enzymes are very 
readily inactivated by heat and also by strong acids and 
alkalis and by many other chemical reagents, and it will 
be realised that the available methods of procedure were 
very inadequate. 

Clearly a new technique was called for, and it was the 
famous Richard Willstatter, then Professor at Munich 
University, who was the pioneer in this field. He made 
use of the fact that enzymes are very readily concentrated 
at certain surfaces. Thus, if to a solution containing an 
enzyme a suitable finely di-vided powder is added, for 
example, china clay, the enzyme may be taken up— or, as 
we say, “ adsorbed ” — on the surface of the particles. The 
clay may then be filtered or centrifuged oli and the enzyme 
extracted from it by washing it well with a suitable solu- 
tion such as one of sodium carbonate or phosphate. 
Naturally repetition of this double process of “ adsorption ” 
and “ elution ” increases the purity of the product, and it 
is often advantageous to change the adsorbing powder, on 
the principle that the impurities let through by one may be 
held back by another. 


188 



nature’s stepping-stones 

The development of a new technique in science is 
frequently the prelude to an advance in knowledge often 
extending into departments more or less remote from the 
original subject. Thus the invention of methods of pro- 
ducing high vacua led to the knowledge of X-rays, and so 
to all the remarkable advances in physics and chemistry 
that have ensued. The results of the development or the 
adsorption technique have not been so spectacular, but 
nevertheless, Willstatter’s work on this subject has proved 
important in many fields outside enzyme chemistry. Thus 
the adsorption technique has been apphed in the purifica- 
tion of other biochemical products, such as toxins and 
antitoxins and hormones, where the conditions of the 
problem are somewhat similar. 

But the method has proved of use even in organic 
chemistry itself. It is the basis of the technique known as 
“ chromatographic analysis,” by means of which it has been 
possible to separate in a pure state various compounds 
previously only obtainable in association with closely 
related compounds of very similar properties. This method 
has made it possible to separate carotin, the red pigment of 
carrots, into three different compounds (see page 167) ; 
similarly, it was only through its aid that certain con- 
stituents of coal-tar were ultimately obtained in a pure 
state. 

By the use of the method of adsorption Willstatter and 
his co-workers were able to separate enzymes from much 
of the inert material usually associated with them, and so 
obtain them in a relatively concentrated form. Further- 
more they observed that different enzymes, even though 
they might be closely related in their action, were often 
adsorbed more or less specifically on particular adsorbents. 
They could thus be separated from each other, and so the 
behaviour of various single enzymes could be studied under 
well-defined conditions. It also became possible to use 
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these purified enzymes as tools for analytical investigations 
on other substances. Thus if a certain purified enzyme 
preparation, known to attack one particular type of hnkage 
only, is found to act on some compoimd, we can conclude 
that the latter contains that particular linkage. 

But if enzymes can he employed as analytical tools, may 
they not prove of great value for synthetic purposes as 
well ? Already certain compounds (such as hexose- 
phosphoric acid and creatine-phosphoric acid) are best 
prepared in the laboratory by the use of suitable enzyme- 
containing extracts, derived from yeast ceils or muscle- 
tissue. A day may come when a large stock of enzymes 
of various kinds will be available commercially, so that 
the chemist of the future may be able to abandon the 
drastic and cumbersome methods upon which at present 
he is often forced to rely. 

Though the adsorption technique led to many positive 
results, it did not succeed in its main object — the separation 
of an enzyme in a completely pure and if possible crystal- 
hne form. Some workers, indeed, were doubtful whether 
these agents really consisted of ordinary chemical mole- 
cules at all. Yet, if not molecules, it was clearly desirable 
at least to retain the idea of characteristic atomic patterns, 
for otherwise how could the remarkable specificity of these 
agents be explained ? In these circumstances the theory 
put forward by Wdlstatter had a wide appeal. According 
to this, enzymes consist essentially of active groups borne 
on large particles present in colloidal solution. These 
latter, called the enzyme “ carriers,” though facihtating 
the enzymatic activity in virtue of their surface forces, are 
themselves non-specific, and the specificity is regarded as 
being dependent on the special active groups. 

And then, just when most people seemed inchned to 
accept this theory, a very unexpected and embarrassing 
thing happened. Dr. Sumner, an American biochemist, 
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■was ■working witk a highly active preparation of urease, 
which he happened to set aside in the ice-chest. (Urease is 
an enzyme which converts urea into ammonium carbonate. 
As it does this rapidly and completely, and the ammonia 
formed is easily measured, it is very much used in labora- 
tories for the purpose of estimating urea in blood and 
urine.) Dr. Sumner’s preparation deposited crystals which 
were e'vddently protein in nature. AVhen filtered off and 
examined these crystals proved to possess the charac- 
teristic enzyme activity of the original solution. The 
most ob'vdous conclusion was that they were simple crystals 
of an inactive protein 'with small quantities of an intensely 
active enzyme adsorbed on their surfaces. However, by 
careful experimentation Sumner convinced himself that 
this hypothesis was not the correct one and that the 
crystalhne material was nothing else than the enzyme 
itself. Apparently he had obtained urease in a crystalline 
form. Naturally, biochemical opinion was very sceptical, 
not to say incredulous. The result seemed too good to be 
true. Besides, similar claims had been made in the past 
and had failed to vdthstand criticism. However, it soon 
became clear that Sumner’s conclusions could not be 
hghtly rejected. This was especially so when other 
crystalline enzymes began to appear in various laboratories. 
For example, Northrop, working in the Eockefeller Insti- 
tute in New York, reported that he had succeeded in 
crystallising pepsin, the enzyme present in the gastric 
juice which brings about the first stage in the digestion of 
protein. Subsequently he succeeded in obtaining certain 
other digestive enzymes in a crystalline form, including 
trypsin, the protein-splitting agent of the pancreatic 
secretion. Other workers of ability and standing have also 
reported that they have obtained crystalline enzyme 
preparations which they beheve to be the pure agents. 

These various results, when taken together, are certainly 
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ratter impressive, and most chemists are now agreed that 
some enzymes at least are proteins capable of crystallisation. 
But can this view be reconciled with Willstatter’s theory ? 
According to the latter we should scarcely have expected 
enzymes to be obtained as crystalline proteins. But 
perhaps the discrepancy is not so great as we might think 
at first sight, for, as we have seen, a protein molecule is a 
large structure, carr}ung various groups in the form of 
side chains. Now it might well be that one or more of 
these side chains carry the groups active in Willstatter’s 
sense. The protein would then be essentially a carrier of 
the active groups, but in this case a carrier with the active 
groups very firmly attached. 

So far, we have referred chiefly to the hydrolytic 
enzymes, the agents which bring about the fission of mole- 
cules with the addition of water. These are, of course, 
specially prominent in the digestive tract, where the 
proteins, carbohydrates, and fats are broken up into 
smaller fragments so that they may be easily absorbed 
into the blood stream. The same enzymes appear to play 
an important role in the cell, but here their function is to 
promote the synthesis of these compounds out of the 
appropriate constituents derived from the blood stream. 
It seems that the same enz3rme, which has a disruptive 
action in one environment, may act synthetically when 
conditions are somewhat different. But in the tissues the 
most important process, from which the body ultimately 
derives its energy, is that of oxidation. And so the 
enzymes which promote the transfer of oxygen and 
hydrogen from one molecule to another lie very near the 
secret of the living cell. 

So far, we know very little about the structure of these 
agents. But if we do not know what they are, we do know 
something about the manner in which they act. Let us 
consider, for example, an enzyme system widely distributed 
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in Kving tissues wliicli has been investigated very thoroughly 
by Professor Otto Warburg and his assistants in his Insti- 
tute at Dahlem, Berlin. Warburg worked on this enzyme 
system as obtained from the red blood cells of the horse — 
a very convenient source. The characteristic property of 
this system is that it promotes the oxidation of hezose- 
phosphoric acid by atmospheric oxygen. We need not 
trouble at present about the constitution of hexose- 
phosphoric acid ; it is sufficient to remember that the 
reaction involved consists essentially in the transference of 
two atoms of hydrogen from a molecule of the acid to a 
molecule of atmospheric oxygen. The acid thereby be- 
comes phospho-hexonic acid, whilst in place of the oxygen 
we have hydrogen peroxide. Denoting phospho-hexonic 
acid by E and hexose-phosphoric acid by EHg we may 
represent the reaction as follows : 


/ 
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II 
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H— 0 

i 

H— 0 


This seems a very simple process, yet left to their own 
resources, in the absence of the enzyme system, the two 
atoms completely fail to transfer themselves from the one 
molecule to the other. We may think of them as two 
travellers trying to get across a river too wide for them to 
jump. An obvious device, in the absence of a bridge, is 
to make use of stepping-stones- The enzyme system, in 
fact, provides two such stepping-stones, which we may call 
A and B. The two hydrogen atoms jump from the original 
acid EH2 to the first stepping-stone A, then from A to B, 
and finally from B to the oxygen molecule forming hydrogen 
peroxide. This device of carrying out a difficult reaction 
in a relatively large number of quite small stages is indeed 
characteristic of many processes of the living cell. The 
enzyme system which we are at present considering is only 
a special case of this general principle. 
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So far, we have regarded the hydrogen atoms alone as 
the travellers hastening across the river to unite with their 
partners, the oxygen molecules on the other side. This 
indeed corresponds to what happens in many laboratory 
experiments with these enzyme systems ; but in the body 
it is rather different. In living tissues the oxygen is not 
relatively abimdant, as it is in the atmosphere, but exists 
only at a much lower pressure, so that the hydrogen atoms 
would have difficulty in finding partners even after they 
reached the opposite bank. Something has to be done to 
help on the reaction. What happens is that the oxygen 



Fig. 32 . — some of the molecular stepping-stones present in 
living '.I'he hydrogen and oxygen atoms, separated by an 

otherwise formidable barrier, are enabled by the use of stepping- 
stones (co-enzymes) and the handrails (apoenzymes) to move 
towards each other and ultimately unite to form molecules of H2O. 

atoms are encouraged to meet the hydrogen half-way by 
the pro%dsion of a second series of stepping-stones from their 
own bank of the river, and we may hnagine the two lots 
of atoms, hydrogen and oxygen, meetmg on an island in 
the middle (Pig. 32). Biologically this has a further great 
advantage : the oxygen comes along its steppmg-stones 
not in the form of molecules but as atoms. Now a single 
atom unites with the hydrogen to form water, whereas a 
molecule of oxygen picking up its hydrogen tends rather, 
as we said above, to produce hydrogen peroxide, which is 
poisonous and so avoided by nature wherever possible. 
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But the stepping-stones do not represent the whole story 
of this enzyme system. By themselves they are scarcely 
sufficient to bridge the gap between the hexose-phosphoric 
acid EH 2 J and the oxygen. It seems, for example, that 
the two gaps between KH 2 and A and between A and B 
are too great for hydrogen atoms to leap across unaided, 
and so handrails have to be provided to help them over. 
These handrails take the form of two special proteius 
which we may call a and h. The protein a helps the 
hydrogen atoms from RH 2 to A, whilst h comes into action 
at the next stage. 

These two proteins' which play the part of hand-rails 
may be regarded as simple elementary enzymes, comparable 
with pepsiu or urease. We do not know how they work, 
but it does seem that they form some sort of union, though 
not a completely fast one, with their respective steppiug- 
stones. Indeed, one of the first big advances in all this 
work was the isolation by Warburg and Christian of a 
substance which they called the “ yellow oxidation 
enzyme.” This has proved to be a combination of B and 
h — it can be dissociated iuto its two components, neither 
of which separately suffices to make the enzyme system 
work as a whole, but which can be made to recombine into 
the origiual active substance. In the case of a and A the 
union does not appear to be so intimate a one, and the 
two components are usually isolated as two separate and 
distinct substances. 

And now let us enquire of what the “ stepping-stones ” 
really consist. Those used by the oxygen seem to be 
somewhat comphcated, but one of them is an iron- 
contaimng compound generally called “ cytochrome.” 
The chemical constitution of c 3 d;ochrome and its special 
relation to haemoglobin and chlorophyll will be referred to 
in a later chapter (see page 259). It is sufficient here to 
remark that it is the iron atom in the cytochrome molecule 
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upoE Avliich tlie oxygen alights, the iron, assuming the 
trivalent state and reverting to the divalent form when 
the oxygen leaves it. 

The hydrogen stepping-stone B proves to be nothing 
else but lactoflavine (vitamin B 2 , see page 172) combined 
■with phosphoric acid. Here we have some indication of 
the role played by this particular vitamin in the animal 
organism. This was a very interesting discovery, for it 
was the first case in which we were able to assign an exact 
chemical function to a vitamin — a function readily under- 
stood in terms of its structure. The significance of this 
result is e'vident when it is remembered that lactoflavine 
is widely distributed in animal tissues, so that it would 
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seem to be of quite general importance in biological 
oxidations. 

The hydrogen stepping-stone A proves to be a somewhat 
complicated molecule called the “ hydrogen transporting 
coenzyme ” or “ codehydrogenase 11.” On hydrolysis it 
yields a nitrogenous substance called adenine along with 
phosphoric acid, a sugar, and — most interesting of all — a 
second nitrogenous compound which was identified as the 
amide of nicotinic acid (see Fig. 33). The occurrence of 
this last compound as an important constituent of living 
matter was entirely unsuspected. Mcotinic acid was 
previously kno'wn merely as a product of the oxidation of 
nicotine in the laboratory, but now its amide proves to be 
the active group in the “ hydrogen transporting coenzyme.” 
It is on this that the two hydrogen atoms actually land in 
their passage from EH 2 to the oxygen. 
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Nicotinic acid amide has also been shown to be an 
essential constituent of another very closely related 
stepping-stone found in many animal cells and also in 
yeast, called “ codehydrogenase I ” or, more familiarly 
“ co2;ymase,” because it was first encountered in connection 
with fermentation (Gr. Zyme, leaven). It looks as if 
nicotinic acid or its amide were essential to most living 
cells. 

And here we come to an important and unexpected 
development ; for this new knowledge of the importance 
of nicotinic acid has suddenly given the solution to a 
most puzzling problem of medicine — the cause of the 
disease known as pellagra. This serious malady is especially 
common in certain areas where the general standard of 
nutrition is low and particularly where maize is the staple 
foodstufi, but it is not unknown even in relatively wealthy 
countries such as Britain or the United States. Pellagra 
is characterised by a pink rash over parts of the sldn (in 
Spain it used to be called “ mal de la rosa ”), serious 
digestive disturbances, nervous irritability, and in bad 
cases general physical and mental decay. During the 
second decade of the present century it became increasingly 
probable that this was a deficiency disease, like rickets, 
scurvy, and beriberi (see Chapter X), and in due course it 
was established that a certain factor, associated with others 
in the water-soluble B group of vitamins, was able to cure 
the disease. The B group was first divided into Bj, the 
anti-neuritic or beri-beri preventing factor, which we have 
already discussed (Chapter X), and the pellagra-preventing 
or B2 component, which was more resistant to heat. Bo, 
however, was itself soon found to be complex, and one 
component, lactoflavine, was isolated as a definite crystal- 
line compound necessary for the growth of rats.^ 

^ Some writers call this growth-promoting vitamin Bo, ‘whilst others 
still reserve this label for the pellagra-preventing factor proper. 
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Sucli, then, was roughly the situation when the discovery 
was made that nicotinic acid was an essential constituent 
of what was obviously a very important compound of 
most, if not all, living cells. Could the animal body 
synthesise this structure ? If not, then it was probable 
that healthy existence would be impossible unless nicotinic 
acid or some suitable precursor were taken in the food. 
Might not nicotinic acid be really a vitamin, one not yet 
recognised 1 Could it by any chance be the missing 
pellagra-preventing factor 1 

The question was soon answered, first, by experiments 
on animals which had developed a disease analogous to 
pellagra in human beings and, finally, by the direct treat- 
ment of human pellagrins. Dogs on a pellagrous diet 
develop a condition known as “ black tongue.” Elvehjem, 
of the American State Department of Agriculture, showed 
that these dogs were rapidly cured when treated with nicotinic 
acid or its amide. Pigs on a maize diet develop skin and 
digestive symptoms bearing a close similarity to those 
observed in cases of human pellagra, and workers at the 
Lister Institute, London, showed that such emaciated, 
almost moribund animals are rapidly restored to health by 
the administration of 60 mg. (1 grain) of nicotinic acid 
per day (see Plate V). 

Almost at the same time experiments were carried out 
on hmnan pellagrins, both in America and in Egypt. It 
was found that doses of nicotinic acid of about 60 mg. 
(1 grain) per day were sufficient to dispel the charac- 
teristic symptoms of the disease. Sometimes the cure was 
complete, sometimes the health of the patient, though 
much improved, was still imperfect. It is probable that 
the poorness of the diet which is responsible for the nicotinic 
acid deficiency often results in a lack of other factors as 
well ; but in spite of these comphcations, it would seem 
that nicotinic acid is to be regarded as the peUagra- 
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preventing vitamin. It is interesting to reflect how much 
suffering would have been saved if a fraction of the nicotine 
destroyed in the pipes and cigarettes of the smokers of the 
world had been extracted and converted to nicotinic acid 
for the treatment of pellagra. For though the smoker 
inhales no appreciable quantity of nicotinic acid, it is a 
simple and inexpensive process in the laboratory to convert 
nicotine into this important derivative. What is one man’s 
poison might well be made into another’s meat. 

It is extremely doubtful whether the smoke from your 
favourite briar contains even a trace of this important 
compoimd. It would be dangerous to base the case for 
My Lady Nicotine on modern biochemistry. 

The enzyme system of the red blood cells which promotes 
the oxidation of hexose-phosphoric acid appears to be 
typical of many other enzyme systems present in living 
tissues. Some of these are also concerned with the trans- 
port of hydrogen; but others have a different function. 
In muscle tissue, for example, there is a whole comphcated 
system concerned with the phosphate group. This group 
is of great importance in the vital process of muscular 
contraction. Why nature has chosen this famihar and 
apparently imdistinguished group for the purpose is rather 
difficult to say, but the idea seems to be to work it up into 
a somewhat unstable form of combination from which 
it may be hberated just at the right moment, and thus 
supply the energy enabling the muscle to do work. In 
order to hft the group up, as it were, to this unstable 
position, it is bandied about from molecule to molecule 
and thus raised httle by little. An important stepping- 
stone in this process is a compound known as adenosine 
triphosphoric acid. This compound is of the same general 
type as cozymase and the hydrogen transporting co-enzyme 
(stepping-stone A) already mentioned, but is rather simpler 
than these. It contains no nicotinic acid amide and so is 
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not able, like them, to act as a stepping-stone for hydrogen 
atoms. 

When we make a broad survey of these complicated and 
delicate enzyme systems which govern living ceils, it 
appears that they contain two main types of units. There 
are the compounds we have called the stepping-stones, 
relatively stable substances, usually capable of being 
obtained in a crystalline form, and active in virtue of under- 
going some simple reversible chemical reaction. The other 
type of unit is much more mysterious ; it is readily 
destroyed by heat, and in many cases, at least, appears to 
be protein m nature. Our “ hand-rails ” seem to belong 
to this category. These curious, unstable substances may 
claim to be the true enzymes ; they are sometimes called 
apo-enzymes, in contrast to the more stable compounds of 
the first type which have been named co-enzymes. 

We have already suggested that the development of 
enzyme chemistry may ultimately have dramatic effects 
on the technique of chemical industry. We must not for- 
get, however, that already something of the kin d suggested 
has actually occurred. This has been due, not indeed to 
the employment of highly organised and specific agents 
like the organic enzymes, but to the ever-increasing use of 
the simpler and less specific catalysts. Often a reaction 
which otherwise would go badly or not at all proceeds 
smoothly and rapidly when a trace of a copper or iron salt, 
or some other appropriate agent, is added. The hydrogena- 
tion of coal so as to produce oil became feasible on the 
commercial scale only when the right catalyst had been 
discovered. Further, we may perhaps divide these un- 
organised catalysts into two broad groups. A trace of an 
iron salt may promote an oxidising process in virtue of the 
ability of icon to alternate between two states of oxidation, 
and thus act as a stepping-stone for the oxygen atoms. 
It is an example of those catalysts which work in 
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much, the same way as the co-enzymes of the organic 
world. The second group of catalysts includes those which 
act largely in virtue of their surface. Here it is usually 
difficult to give a straightforward explanation of their 
action in terms of ordinary chemical equations. We find it 
necessary to introduce ideas of adsorption and of surface 
forces ; we may even have to postulate special centres on 
the active surface, reminiscent of the active groups on the 
colloidal carriers of Willstatter. Evidently these surface 
catalysts are comparable with the mysterious unstable 
“ apo-enzymes.” In comparison with the latter, however, 
they are crude and cumbersome instruments ; man has 
still much to learn from the delicate and precise agents 
developed by Nature for her work. 

If the true enzymes are really proteins, it would seem to 
be a hopeless task at the present time to attempt to 
synthesise them in the laboratory. But the conception of 
them as molecules carrjdng one or more “ active ” groups 
and of these active groups as being fundamentally respon- 
sible for their characteristic property, suggests another Line 
of attack. Perhaps the large complicated colloidal mole- 
cule is not essential ; it might be sufficient if we could 
concentrate the active groups on some simpler framework 
— on a benzene ring or some similar carbon skeleton. We 
may recall the case of the local anaesthetics — how it was 
found that the activity of cocaine was not reaUy the 
property of the molecule as a whole, but depended essen- 
tially on particular atomic groupings contained in that 
molecule. By sjmthesising other compounds carrying 
these groupings it was possible to obtain simpler, cheaper, 
and even better local anaesthetics than the naturally 
occurring cocaine. Following a somewhat analogous idea 
in the domain of enzyme chemistry, Langenbeck, of Greifs- 
wald University, has produced a number of compounds of 
great interest. It has been slow, laborious work ; he has 
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had to proceed largely by the method of trial and error, 
introducing one group after another and at each stage 
trying many different groups in order to see which worked 
best. But he has succeeded in budding up compounds, 
relatively simple in structure, but of quite high enzymatic 
activity. One of these is a lipase, promoting the splitting 
of fats ; another is a decarboxylase, facilitating the removal 
of carboxyl groups from certain organic compounds. This 
remarkable work has already borne interesting and un- 
expected fruit ; perhaps in the future it will yield an even 
more abundant harvest. 
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SEX AND REPRODUCTION 

In tlie higlier animals the pattern of life is influenced at 
almost every point by the fact that each species consists of 
two types of individual, male and female. This is in general 
no less true of the simpler animals and the plants — at 
least when allowance is made for their more elementary 
patterns of life. It is only in some very primitive or 
degenerate forms of liviug matter, such as the bacteria, 
that diflerentiation into sexes appears to be absent 
altogether. Sex is something very deep-seated in the 
nature of life — not, indeed, absolutely indispensable but 
apparently necessary for any advance in the biological 
scale beyond the very simplest types. 

We may be quite sure that any biological character so 
widespread as this diflerentiation into two sexes must be 
of supreme value to the living organism. What, then, is 
its biological value ? Why are there two sexes, not three 
or four ? It is, of course, no answer to say that two sexes 
are necessary for reproduction. Bacteria can multiply 
perfectly well asexually. Higher animals, such as frogs, 
can sometimes be made to develop from an unfertilised egg, 
showing that even in their case reproduction is not abso- 
lutely dependent on the co-operation of the two sexes. The 
device of separating all the individuals of any species into 
two types, male and female, and making reproduction 
depend on the co-operation of one individual from each 
type, must possess some supreme biological value. In 
what does this value consist ? Let us, flrst of all, enquire 
what is the essential feature of sexual reproduction. 
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On consideration this is seen to consist in the fact that 
any new individual of a species is formed as the result of 
the union or fusion of two cells, one of each sex. The 
essential point is that the new individual receives his 
inheritance from twm parents and not from one alone. In 
order to appreciate the great importance of this for the 
evolution of new forms of life it is necessary to consider 
briefly the mechanism whereby evolution is effected. 

It is now generally agreed that two factors are primarily 
important for the evolution of a species : first the occur- 
rence of variations among the individuals of the species, 
and secondly the action of selection in encouraging one 
type of variant rather than another. The mechanism 
producing these variations need not concern us here ; it is 
sufficient to remember that they occur spontaneously, or at 
least as the result of causes outside the control of the 
organism, and that if they are to possess evolutionary value 
they must be inheritable. The chance of any particular 
variation occurring is very small as far as any one individual 
is concerned. 

Now consider the case of the unisexual animal, in which 
every new individual receives his inheritance from one 
parent alone. In a sense he is no new individual at all, 
he is just a chip off the old block and is likely to possess 
precisely the same abilities and potentialities as his parent, 
neither more nor less. Let us suppose that among the 
numerous individuals of the same generation two abnormal 
ones are foirnd, each bearing its own unique and novel 
variation. Of course, if these variations are disadvan- 
tageous to their possessors they will doubtless disappear 
in the course of a few generations in consequence of the 
selection of the fittest. If, however, they are beneficial, a 
larger and larger proportion of the species will gradually 
come to be descended from these two individuals and the 
species will ultimately be descended from them alone. It 
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will then consist of two distinct types of individuals, and 
continued competition and selection may ultimately result 
in the survival of only the better of the two, with the 
complete loss of the other variation even although it ’was 
in itself an advantageous one. There is e-vidently no chance 
of obtaining a type possessing both advantageous variations 
except as the result of one of the variations occurring again, 
and this time in an individual already possessing the other. 
As the occurrence of any particular variation is likely to 
be very rare and indeed might never be repeated, it is 
evident that evolution under these conditions is likely to 
be very slow. Sub-types within the species might be 
expected — bacteria show this feature very prominently — 
but even in species with a very short generation-time real 
progressive evolution would be a very tardy process. With 
a longer generation-time the rate would become propor- 
tionately lower. 

"RTien there is sexual reproduction, so that each new 
individual receives his inheritance from two parents and 
not from one alone, the situation is very different. If, as 
before, we begin with two independent beneficial variations, 
it is evident that sooner or later mating will occur between 
two indmduals each beariug one of these modifications. 
Consequently a certain proportion at least of their offspring 
will carry both, and so presumably have a double advantage 
in the struggle for existence. It follows that the race will 
tend more and more to be descended from these fortunate 
individuals, and will ultimately consist of them alone. The 
two variations no longer compete, they can be combined 
together without difficulty. It is no longer necessary to 
wait until one of the variations recurs in the strain bearing 
the other. 

It is e'vident that the argument holds with even greater 
cogency if we consider not two but many distinct variations. 
In the case of the sexual organism each of these may occur 
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in any individual, and the possibility at once arises that an 
indmdual may ultimately appear, bearing them all. They 
can be combined and recombined, and the best combina- 
tion which ultimately appears is likely to become in- 
creasingly predominant in the species. On the other hand, 
the occurrence of such an individual in the unisexual species 
would only be possible as the result of many unlikely 
events — the individual variations — all occurring either 
simultaneously in the same individual or successively in 
individuals in the same line of descent. 

Clearly the device of sex has the great biological ad- 
vantage of permitting the mixing up of individual in- 
heritances ; it enables independent variations to be 
combined in one and the same individual. In the case of 
multicellular animals, where each produces a large number 
of germ cells, it is clear that the purpose of sexual repro- 
duction can be most ef&ciently attained by arranging that 
each animal produces cells of only one type unable to fuse 
one with another ; or if two types are produced by the same 
animal, then it must be arranged that fusion will not occur 
except with cells from another individual. In other words, 
the individuals will either be divided into two kinds or 
sexes, or else, when the individuals are hermaphrodites, as 
in the case of most plants and certain animals, special 
precautions wiU be adopted to ensure cross-fertilisation. 

We are now in a position to answer our second question : 
namely, why there should be only two sexes and not three or 
even more. Obviously two only are required to bring about 
the essential result. To have more would be an un- 
necessary complication. On the principle of entia non sunt 
muUiflicanda it would be very surprising to find three 
sexes where two would do as well. It is true that what are 
virtually three sexes are found in certain species, such as 
bees, where the workers are specially modified infertile 
females, but this is clearly a special adaptation for social or 
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economic ends and does not directly affect reproduction 
and inlieritance. Eeproduction with three sexes would 
indeed be a complicated and elaborate matter. Even as it 
is, ordinary bisexual reproduction in the higher animals 
has involved great specialisation and very detailed adapta- 
tion, more especially on the part of the female. 

It is of great interest to examine how the organism 
accomplishes the co-ordination of the different organs 
involved in the complicated process of reproduction, and 
how their functions are regulated and harmonised with each 
other. This is a special case of the general problem which 
confronts the multicellular organism, that of controlling 
and co-ordinating its various parts so that the a nim al as a 
whole will function properly. Clearly methods of com- 
munication are necessary between one group of cells and 
another. The problem is analogous to that which arises 
in a human community with the development of civilisation 
and the emergence of an organised state. In a very 
prinlitive society communication by touch, sight, and 
hearing suffice for the small amount of co-ordination 
required. In order, however, that the effective unit should 
become bigger than the family or the village, it is necessary 
to develop means of communicating at a distance. For this 
purpose the practice is established of sending communica- 
tions, either oral or written, by messenger. Ultimately 
this develops into an organised postal service, and until 
comparatively recent times the smooth and harmonious 
working of the complex modern state was essentially 
effected by messages sent from one place to another in this 
way. But such bodily transportation takes time, and so 
it is now supplemented by a much faster form of com- 
munication, the electric telephone or telegraph ; the larger 
and more widely scattered the community the greater is 
the advantage of these new devices. 

In the animal body there is the same duplication of the 
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means of communication. The analogy of the nerves to 
telephone ■wires, and of the nerve centres, especially of the 
brain, to telephone exchanges is at once obvious. But 
what corresponds to the form of communication by 
messengers 1 It is only during the last few decades that 
the answer to this question has become clear, but already 
a whole new subject has grown up, and the knowledge 
acquired is of pre-eminent importance not only theoretically 
but also for the treatment and prevention of disease. 

The study of these chemical messengers, or hormones 
as they are now usually called, began about the last decade 
of the nineteenth century. One of the most spectacular 
demonstrations of their potent efiect was that given by 
Professor Edward Sharpey-Schafer and Dr. Oliver at a 
meeting of the Physiological Society in March, 1894. 

It is common knowledge that injuries involving extensive 
tissue damage produce a state of prostration and shock 
associated with a serious fall in the blood pressure. These 
effects can also be produced, as might be expected, by 
injecting into the blood stream extracts of practically any 
minced-up tissue. Imagine, therefore, the surprise of the 
audience when the injection of a particular tissue extract 
into a cat produced precisely the opposite effect. The 
blood-pressure did not fall, but actually rose, the heart 
was stimulated, and there were no signs of prostration. 
The extract with these remarkable properties was one 
made from a very special organ, the suprarenal gland 
(Pig. 34). Later investigation showed that the substance 
responsible for the effect was a definite chemical com- 
pound, adrenaline, which was ultimately isolated, its 
constitution elucidated, and its synthesis finally effected 
in the laboratory. This proved to be but one of many 
hormones, substances produced in certain organs of the 
body, secreted into the blood stream and employed to control 
the activity of tissues at a distance. The molecules of these 
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substances act as messengers, as it were, sent out at the 
appropriate time so as to co-ordinate activities of the 
various bodily organs. Being carried along in the blood 
stream and dependent on the latter for their transport, the 
hormones are much slower in developiug their effects than 
the nerves. On the other hand, once this action has begun, 
it usually persists for some minutes or even hours or days 
(as in the case of thyroxin), and for this reason they are 
especially concerned with those activities of the living 
organism for which duration, but not speed, is essential. 
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Fig. 34. — Illustrating the position of the endocrine glands of the 
human body. 



It is therefore not surprising that in the control of the 
various mechanisms associated with reproduction the 
hormones should play a highly important part. 

For thousands of years man seems to have been ac- 
quainted with the effects of the removal of the testes 
(Fig. 34) in the young male. Growth continues, but not 
quite normally. The sinewy, angular frame of the typical 
male fails to develop : instead, there is a tendency to 
plumpness and even a suggestion of femi ni nity in the figure. 
The size of the adult is usually abnormally great, a fact 
which has been made use of by the stock breeder when he 
castrates the animals which he intends to fatten for the 
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market. But the most stri k i n g results of castration are 
tkose we read of as ckaraeterising the eunuchs of Egypt 
and Rome and the Eastern courts. There is no develop- 
ment of the beard and the other “ secondary ” sex 
characters. In particular, the voice fails to break, a fact 
■which made it possible to introduce adults "with soprano 
voices into church choirs, from which females were 
excluded. 

The removal of the testes, therefore, brings about two 
sets of results which should be carefully distinguished. 
On the one hand it makes impossible the formation of 
spermatozoa and so renders the individual infertile. But 
it also produces the various secondary effects referred to 
above, because the testes also produce hormones which 
act on the body controlling the development of what are 
called the secondary sexual characters. Naturally the 
second class of effects is the more pronounced the earlier 
in life the testes are removed ; and it is only when the 
operation is suffered before puberty that the voice retains 
its boyish character. These secondary characters, it 
should be remarked, are not essential to the bisexual type 
of reproduction. Some of them, indeed, are concerned 
with bringing together the o-vnm and spermatozoon; 
others, however, promote the prenatal and post-natal care 
of the off-spring ; and the actual union of spermatazoon 
and ovum (the characteristic feature of sexual reproduction) 
could take place in the absence of them all. 

How many of these sex hormones are there and what is 
their chemical nature ? Before any substantial advance 
could be made towards answering these questions it was 
necessary to devise methods for the detection of the 
substances in question and for measuring, at least roughly, 
their amounts ; it is so often the case in science that 
advances of knowledge depend on the development of 
simple and reliable methods of detecting and measuring. 
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A suitable test subject for the male sex hormone was 
ultimately found in castrated young cocks — capons, as 
they are called. Administration of certain tissue extracts 
to these birds stimulates the growth of the comb, and a test 
approximately quantitative in character based on this fact 
was developed. It was found that urine from males con- 
tained a comb-stimulating principle, and before long a 
crystalline compound was isolated which was active in 
very minute doses. It was named androsterone, and 
though it could be obtained only in very small amounts — 
one thousand litres yielded only 40 milligrams — ^its con- 
stitution was soon completely elucidated. Later a second 
and stiU more active compound was isolated from testicular 
tissue itself ; it has been named testosterone. The former 
compound may be a by-product formed during the synthesis 
of the latter, and ehminated by the kidneys, though it is 
possible that both compounds may function in the body as 
sex hormones. 

The reader may be wondering why a substance which 
promotes the growth of cock’s combs should be found in 
the tissues of men. The answer, of course, is that the 
cock’s comb, like the stag’s antlers and Henry VIII’s 
beard, is a secondary sex character, and the hormone that 
we are discussing exerts an effect on the development of 
secondary sex characters in general and so acts on comb, 
antler, and beard impartially. 

It has been wittily remarked that for the male, sex has 
the significance of a comma, but for the female it impHes 
a full-stop. The relatively greater importance of repro- 
duction in the female is, of course, particularly pronounced 
in the case of the mammals. The female organism has 
been speciafised in various ways for reproduction, and this 
specialisation powerfully affects its whole being — its 
anatomy and its physiology, its emotions, and its habits 
of hfe. It is not surprising, therefore, that sex hormones 
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should be even more important to the female than to the 
male. These chemical hormones not only control the 
regular and essential cyclic changes which occur in the 
normal non-pregnant female, and prepare the way for 
pregnancy, but also direct and correlate the extraordinary 
developments which occur in the maternal organism once 
pregnancy has begun. 

In this connection one of the most important organs of 
the body is the pituitary gland (Fig. 34). If the brain 
is rather like a central telephone exchange, connecting up 
the various nerves which enter it from different parts of the 
body, this small organ is the Home Office, sending out 
messages via the blood stream to various tissues throughout 
the body, and exercising a general supervision over aU 
that is going on. It has two main departments, the anterior 
and the posterior lobes. It is the former which is chiefly 
concerned with sex activities and it acts principally by 
means of a hormone which carries a message to the ovaries 
(see p. 209). It is thus that the pituitary gives the com- 
mand to the latter to set about their main business, that of 
manufacturing ova ready for fertilisation. But the 
pituitary gland also directs the ovaries in certain subsidiary 
but very important functions. It stimulates them to 
produce and secrete their own hormone : that is to say, to 
exercise a kind of delegated authority. ^Vhen these new 
instructions are obeyed the whole female organism becomes 
keyed-up for the process of fertihsation. The compound 
produced by the ovaries which is responsible for this re- 
markable result has been isolated and obtained in a pure 
crystalline condition, and has been named oestradiol 
[oestrus, rut or heat). It was the discovery that this 
compound, or rather a closely related one, oestrone, with 
a similar action, could be obtained in relatively large 
quantities from the urine of pregnant women (and, curiously 
enough, even better from the urine of stallions) that made 
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possible the rapid advance recently witnessed in tbe 
chemistry of this group of sex hormones. 

The changes •which occur in the maternal organism after 
fertihsation of the o’vmn and during the antenatal gro'wth 
of the child are still far from being completely elucidated. 
It is already clear, however, that these changes are in large 
measure controlled by specific hormones, and that these 
messengers sent out by one organ at the appropriate moment 
stimulate others to activity, or perhaps iohibit them if they 
are already in action. In this way the exceedingly com- 
pHcated series of stages is controlled and kept in step. 
It ■win doubtless be a long time before aU the details of the 
story are deciphered, but some points have already become 
clear. For example, it is kno'wn that the corpus luteum, 
which develops from the remains of the folhcle or cyst in 
which the ovum has gro'wn and from which it has been 
expelled when ripe, secretes a compound, progesterone, 
somewhat related to oestrone, which acts on the uterus 
and causes it to prepare itself for reception of the embryo. 
If the ovum is fertilised and starts to develop it seems 
able, presumably by means of another chemical agent, to 
ensure that the corpus luteum shall persist, and so makes 
certain that the supply of progesterone necessary for its own 
survival is kept up. In the absence of fertihsation the 
corpus luteum fades away and the uterus returns to its 
normal resting condition. This return of the hypertrophied 
uterus to its resting condition involves the shedding of the 
extra tissue 'with a certain amount of hasmorrhage ; it is, 
in fact, the phenomenon called menstruation. It is about 
two weeks later that the ovary again produces an ovum, 
•with the production of a new corpus luteum, and it is 
only during the three or four days centred round this event 
that the female is normally capable of being ferthised : a 
fact of which advantage has sometimes been taken for the 
purpose of preventing conception. If the corpus luteum 
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is removed surgically during tlie course of a pregnancy, 
the uterus is left .no longer imder proper control and 
abortion may occur. 

As the pregnancy draws towards its term, new develop- 
ments take place in preparation for the birth itself and the 
suckling thereafter of the child. Obviously a highly 
compHcated mechanism is involved, one of great potential 
danger to both mother and child should it be inaccurately 
controlled. The details of these complex processes are 
still obscm'e, but sufficient is already known to make it 
certain that hormones of various lands play an essential 
part in regulating and correlating the events. Thus the 
posterior lobe of the pituitary manufactures a substance 
which causes the pregnant uterus to contract, but the 
ease with which this effect is produced is influenced in 
various ways by the presence of oestradiol and progesterone. 
There seems, in fact, to be a whole complicated system of 
inhibitions and relays holding up or promoting an involved 
series of reactions. This branch of knowledge is still very 
young, but it is growing rapidly; a few years doubtless 
will witness a great clarification of many of the details 
which are still obscure. 

In the normal course of nature the mammalian mother 
suckles her young. As pregnancy terminates, lactation 
must begin. The latter is itself a highly complicated 
process ; it involves the production m the mammary gland 
of a fluid quite different from any of the other products of 
animal metabolism — a fluid containing everything necessary 
for the healthy growth of the young offspring, and manu- 
factured m quantities amounting to pints per day in the 
case of a woman and gallons in the case of a cow. The 
mammary glands which carry on the special task of 
elaborating this unique fluid must be carefully regulated 
so that they are ready to begin their work when birth takes 
place. 
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For the control of the developing manamary glands the 
organism seems to depend on the same two hormones which 
play so important a role in the other processes connected 
with reproduction — namely, oestradiol and progesterone. 
The former sees to the earlier stages ; the growth and 
development of the glands at puberty and their subsequent 
maintenance in a suitably prepared though relatively 
quiescent condition. The latter comes into play during 
pregnancy itself and, in co-operation with cestradiol, controls 
the final development of the mammary gland and brings 
it into a condition ready for activity. But the actua 
signal to start producing milk in quantity comes directly 
from headquarters. The pituitary gland sends out a special 
messenger for this purpose. Amongst the many hormones 
which it produces, one, secreted by the anterior lobe, has 
the property of stimulating the mature mammary gland to 
fimction. This principle has therefore been called “ pro- 
lactin.” Its action would seem to be inhibited by oestradiol 
— ^the mutual antagonism of various hormones is a pheno- 
menon constantly met with in this branch of science — and 
it may be that the synchronism of the beginning of lactation 
with parturition is ensured not so much by extra production 
of prolactin at the critical moment as by the rapid fall in 
the production of oestradiol which takes place during and 
immediately after the birth of the child. The prolactin 
which on this view is already present, is then no longer 
inhibited in its action and so the secretion of milk com- 
mences. 

It is very interesting to observe that according to some 
recent American work prolactin not only controls the 
secretion of milk but is also responsible for “ maternal 
behaviour ” such as is exhibited by lactating rats and broody 
hens. It may seem surprising that prolactin should have 
any effect at all on a bird, but there is other evidence that 
prolactin is of importance in the lives of animals other than 
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mammals. Thus it stimulates the crop glands of the pigeon, 
causing them to develop and to produce the “ pigeon- 
milk ” wherewith to feed their young. It is possible that 
this hormone was elaborated in the premammalian world 
to initiate and control various aspects of maternal activity. 
From this point of view the control of lactation is merely 
a speciahsation of a previously existing device, an example 
of the type of thing so often found to occur in nature. The 
fact that the peculiar emotional state and psychological 
reactions associated with maternity are initiated and con- 
trolled by a chemical substance capable of being extracted 
and kept in bottles is one which will provoke satisfaction 
or dismay according to the natural bias of the reader. 

An interesting and important apphcation of our know- 
ledge of the sex hormones concerns the diagnosis of preg- 
nancy. It has been possible for the last few years to 
ascertain with a high degree of reliability whether a woman 
is really pregnant or not, even as early as the second or 
third week after conception. It is necessary only to inject 
a small quantity of her urine into an immature female rabbit 
or guinea-pig and after a suitable time to kill the a-nima l and 
examine its ovaries. This method of diagnosis (the Ascheim- 
Zondek test) sounds reminiscent of the prognostications of 
the Roman augurs, who foretold the future after eTfl-miTiiTig 
the entrails of a suitable bird or beast, but it differs at least 
in this respect, that it gives the right result ninety-nine 
times or more out of a hundred. The method depends on 
the fact that whilst the pregnancy lasts the urine of a 
pregnant woman always contains a substance which can 
stimulate the immatme ovaries with the result that they 
produce an ovum. This substance is presumably “ spilled 
over ” from the blood through the kidneys and is probably 
derived from the placenta — ^though what its function may 
be in the woman’s own body is not definitely known. 

The fact that sexual activities are controlled by very 
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small quantities of certain ciemical substances, some of 
them of relatively simple composition, is a striking and 
perhaps disquieting result. Evidently in this field a little 
learning may be a dangerous thing, though full and accurate 
knoTrledge is likely to prove of the greatest value to man- 
kind. Already preparations of the sex hormones are on 
the market, and they are being used in the treatment of 
various disorders occasioned by a deficiency or lack of 
balance of these internal secretions. Some of these com- 
mercial substances are extracted from the appropriate 
glands of animals ; others are prepared by chemical 
processes in the laboratory. Just as in the case of the 
\dtamins, the practical importance of the work of the 
biochemist on these hormones has been recognised by great 
Continental chemical firms who have liberally subsidised 
much of the work carried out in this field — and largely 
covered the result by patents. 

The practical significance of the recent advances in the 
domain of the sex hormones is especially emphasised by the 
discovery that oestrogenic activity is not confined to the 
naturally occurring compounds, such as oestradiol and 
related substances, or even to compounds belonging to the 
same chemical type, but that synthetic compounds, some 
of them of relatively simple constitution, are also active. 
True, these synthetic substances do not in general possess 
the same great activity as the highly specialised compounds 
developed by the mammalian ovary ; they are skeleton 
keys which do open the lock, though not quite so easily and 
smoothly ; but the relative simplicity of their molecules 
makes them easy of manufacture. Besides, they may be 
produced with many variations of molecular structure, and 
the opportunity so afforded of correlating structure with 
activity should enable an insight to be gained into the 
design of key best fitted to open the lock ; and ultimately 
we may hope to see on the market skeleton keys which work 
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as well as or even better than tbe complicated ones which 
occnr in the organism. In the field of dyestuffs or of local 
anaesthetics or of plastics the synthetic chemist has not 
only imitated Nature : he has sometimes even surpassed 
her. It is not impossible that in the field of the sex hor- 
mones he will be equally successful. 
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ON GROWING UP 

The phenomenon of growth is the wonder of the poet and 
the last resort of the vitalist. Of all the features which 
distinguish living things, it may claim to be the most 
characteristic and also the most mysterious. The fertilised 
egg ceU begins to divide and increase ; methodically it 
goes through stage after stage until it becomes the fully 
mature mouse or worm or man. Each individual grows, 
according to his species, in size, in shape, and in internal 
organisation. Sometimes errors of development occur, 
resulting perhaps in Siamese twins or in animals with two 
heads or six legs or even in quite non-viable monsters; 
but in the vast maj ority of cases growth proceeds accurately, 
true to type, and the finished article is as well-nigh perfect 
as any one could wish. The precision of detail in that 
bird you shot the other day or that fly you squashed 
was infinitely greater than could be found in any product 
made by the hands of man. 

Small differences, of course, there are between individuals 
of the same species. Even “ identical ” twins, supposed 
to be derived from the same fertilised ovum, are not really 
quite identical. But these divergencies are relatively 
slight. Clearly the phenomenon of living growth implies 
a degree of co-ordiuation and control outside all ordiuary 
experience. What is the chemical background of this 
remarkable phenomenon ? 

Let us first note that growth is not a property of living 
things alone. Certaia objects in the inorganic world 
can also grow, and of them perhaps the most remarkable 
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are crystals. Everyone knows tkat crystals of sodium 
chloride or copper sulphate Will grow in a saturated 
solution of the respective salt. Quite obviously there are 
marked superficial resemblances between this inorganic 
growth and the growth of Hving beings. Is the analogy 
wholly superficial, or is there perhaps some substantial 
similarity 1 

Inorganic crystals, like hving beings, grow only when the 
environment is appropriate. There must in either case be 
available a supply of the necessary raw material — ^atoms or 
molecules or ions, as the case may be. The crystals of one 
compound aU resemble one another, both in external shape 
and in internal structure, just as do the individuals of one 
species. In neither case is complete uniformity attained ; 
individual crystals exhibit flaws and pecuHarities of 
structure, just like individual animals. It is true that we 
are accustomed to think of an animal as growing up to a 
particular size and then remaining approximately constant, 
whereas there is no obvious reason why crystals suitably 
nourished should not get bigger and bigger indefinitely. 
But it must be remembered that certain marine animaiB 
appear to go on growing all their fives, whilst on the other 
hand anyone who has tried to grow really big crystals 
knows that the larger a crystal becomes the more difficult 
it is to encourage it to go on growing. Even if the ex- 
perimental difficulties could be overcome, there would 
clearly be a limit to its growth, for it would become so big 
that it would break under its own weight. 

It is now well-nigh eighty years since John Euskia 
fascinated the young ladies of an English school with his 
story of the behaviour of inorganic crystals; since the 
Ethics of the Dust was published, many fundamental 
discoveries have been made and new domains of knowledge 
have been explored, but the architecture of crystals remains 
as interesting and wonderful as ever. The work of the 
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Braggs and the many who have followed in their footsteps 
has made it possible for us to picture in some detail the 
structure of these strange, familiar objects. 

We now think of a crystal of sodium chloride, for instance, 
as composed of positively charged sodium ions and nega- 
tively charged chlorine ions arranged in a regular and 
uniform order, so that each sodium is surrounded by 
chlorine ions and vice versa (see Fig. 10). The surface 
will then consist of sheets of ions all in perfectly regular 
array. They may happen to be all sodium or aU chlorine or 
perhaps alternately sodium and chlorine, according as to 
which face is chosen. The whole crystal is held together 
principally by the electrostatic forces with which these 
positively and negatively charged ions attract each other. 
In the neighbourhood of any chlorine ions in a crystal 
surface there are naturally forces which tend to attract 
any sodimn ion which strays into the immediate vicinity. 
llTien the crystal is growing in a saturated solution, layer 
after layer of ions is arranged the one on the top of the 
other. Each ion is guided into its proper place by the 
forces exerted by the ions already in position, and these 
are such that there is always a tendency to complete one 
sheet before starting another. Once a new sheet is begun 
it seems to be easier for ions to be added at its boundary 
than for a second new sheet to be started. Thus the 
crystal, as a whole, grows by sheets, and it retains its 
flat-faced, straight-edged, geometrical form. Though each 
ion is controlled, only by its immediate neighbours and 
has no direct relation with distant ions in the same crystal, 
yet the crystal as a whole possesses a certain unity and 
individuahty. It retains its characteristic shape through- 
out growth and remains an organised whole. 

When we come to more comphcated salts, the structure 
and growth of their crystals is to be described in similar 
terms. The crystals of organic compounds are likewise 

221 



ON GROWING UP 


built up of molecules of tbe substance arranged according to 
some regular pattern. In this case, however, the forces 
which bind the crystal together are not the strong ones 
exerted by one positive ion upon others of the opposite 
sign, but the weaker ones which are found in the immediate 
neighbourhood of any molecule. As a result, crystals of 
organic compounds of this Mnd are usually much softer 
than typical crystals of simple inorganic compounds. 

It is remarkable how selective are the forces which 
operate at the faces of crystals. Suppose, for example, a 
solution contains molecules of two kinds very closely 
resembling each other, that the solution is saturated in 
respect of both compounds, and that there are crystals of 
both in contact with the solution. Under these circum- 
stances it is usually found that each kind of crystal wiU 
select out of the solution its own type of molecule and wiU 
reject the others. In the case of complicated molecules, 
this principle sometimes breaks down — presumably these 
large molecules give rise to less highly differentiated fields 
of force — but, nevertheless, it is fundamental and of great 
practical importance. The organic chemist makes use 
of it daily when he crystallises compounds to rid them of 
impurity. 

When we come to very large molecules, we find that 
crystallisation is usually effected only with great difficulty. 
This is not surprising when we consider how awkward it 
must be to fit these voluminous, unsymmetrical molecules 
into a compact, regular arrangement. Crystals of the native 
proteins are very unstable structures containing much 
water and tending to disintegrate when removed from the 
solution in which they have grown. The long chain 
pol}Tnerides such as we discussed in Chapter VI could 
scarcely be expected to crystallise in the normal manner, 
for their great length renders them quite unwieldy. In- 
stead, they appear to undergo a kind of two-dimensional 
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Illustrating the process of cell division, 

Tlie numbers refer to successive stages in the process, of which four have l)eeii 
selected in iliis plate. (See p. 223. ) 

f iV permission fro,n phoU-nncrographs taken bjU -Col W. F. Harvey, Royal College of 
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crystallisation : tlie thread-like molecules arrange them- 
selves parallel to one another, and so form long fibrous 
bxmdles of regular cross-section. In aU cases, however, the 
underlying principle is the same : the orientation of the 
newly acquired molecule by means of forces exerted by 
those already in the aggregate, and the extension, in this 
manner, of the pattern already in existence. 

Now the last sentence might also be taken as a description 
of the process which occurs during the growth of living 
matter. No doubt the structures involved are very much 
less regular. The process of assimilation is usually much 
more comphcated. Often chemical reactions are involved 
as a preliminary to the actual assimilation of the new 
material in the structure. The new molecules cannot be 
fitted in just as they are when received from the environ- 
ment. It is -no longer a question of building compact 
columns out of bricks of identical size and shape ; rather 
it is a matter of constructing a complicated edifice out of 
stones of various sizes, shapes, and varieties which must 
be hewn and carved to the exact design required. But 
the actual process of growth appears to be essentially a 
process of arrangement and fitting, in accordance with a 
pattern already existing and under the influence of the 
forces determined by that pattern. 

In support of this point of view, we may invoke the 
general principle of reproduction — ^that like gives rise to 
Mke. One cell grows and divides and thus' two cells are 
formed each very closely similar to the original one. But 
this general correspondence of structure becomes more 
definite and precise if we consider the most important 
part of the cell, namely the nucleus, -with its component 
chromosomes, long filament-hke structures (see Plate VI) 
which, it is now generally agreed, determine the characters 
of the “ daughter ” cells. An essential preliminary to cell 
di'vision is the division of these chromosomes, and it 
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is found tliat the new chromosomes have just the same 
potentialities in determining future development as the old 
ones. It follows that they must have exactly the same 
molecular pattern ; in other words, the molecular pattern 
must have doubled itself. It is difficult to see how this 
could happen otherwise than as the result of the original 
pattern inducing the development of a similar pattern, 
presumably in an adjacent molecular layer. The new layer 
would duplicate the old one in somewhat the same way as 
alternate parallel slices of a crystal correspond to each 
other in pattern. This, at least, is roughly the theory 
recently advanced by Dr. Wrinch, and the broad facts do 
not seem to be easily explained in any other way. 

Of course, when we come to the details of development in 
a plant or animal we have obviously a process of extreme 
complexity, and it is not surprising that our knowledge 
is stiH only rudimentary. Growth involves accurate co- 
ordination of the various parts of the organism not only 
in space but also in time, co-ordination in four and not 
merely three dimensions. Most of the details of the very 
complicated mechanism which controls these activities 
are stiU hidden from us, but already research has revealed 
some of the factors involved. 

A typical example came to light recently. A few 
years ago Went found that an extract of the growdng tips 
of various plants exercised a remarkable effect on plant 
growth. Its effect is most conveniently demonstrated and 
measured by applying it to one side of the stems of decapi- 
tated young wheat shoots (see fig. 35). Within a few 
hours the previously straight stem bends round in such a 
way that the treated surface is convex, showing that the 
extract must have induced extra rapid growth in the region 
where it was apphed. Investigation led to the conclusion 
that the active extracts contained an organic substance 
which appeared to promote and control the growth (or, more 
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precisely, the elongation) of plant cells. Interest was at 
once aroused as to the constitution of the active compound, 
but at first there did not appear to be great promise of 
rapid advance in this direction, for the quantities involved 
were e\ddently excessively small. However, an opportune 
discovery was made. It was found that urine sometimes 
contained the factor in relatively large amounts. It 
is particularly plentiful after a diet rich in vegetables, and 
it is evidently collected anc 
excreted by the kidneys, pre- 
sumably as waste material 
By taking advantage, then, oj 
the body as a factory for pre- 
liminary concentration, it was 
possible to isolate the activ€ 
compound in a pure crystaUint 
form and in relatively largt 
amounts. Kelatively” must 
be emphasised, for even when 
large volumes of urine were 
handled the quantity of the 
compound obtained was still to 
be reckoned only in milligrams 
rather than grams. But the 
chemical investigation of auxin, 
as the new compoimd was called, was in the extremely 
skilful hands of Kogl and his collaborators. It is a striking 
testimony to their ability and also to the great advances 
made in microchemical technique that with only one or 
two hundred milligrams of auxin at their disposal they 
were able to deduce its quite comphcated structure (Fig. 36). 
In the old days, the days before Pregl had developed 
the method of micro-analysis, this quantity of material 
would scarcely have sufficed for a single estimate of its 
content of carbon and hydrogen. 
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Fig. 35. — Illustrating the curv- 
ing effect of the application 
of auxin to one side of a 
growing wheat seedling. The 
growing seedling (o) is decapi- 
tated (6), and a trace of the 
active material is applied to 
one side (c). This induces 
more rapid growth on the 
treated side, so that the tip 
bends over (d). 
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It was later foimd that urine may contain another and 
rather simpler compound which acts on plant tissue in 
the same way as auxin, and which is almost equally 
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potent. This second compound proves to be an acid 
which is formed in the animal body, probably from the 
amino-acid trytophane (Mg. 37, 6), and is called by the 
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chemist indolyl-3-acetic acid. Chemical substances are 
often given strange, unwieldy names such as this, but 
these names act both as a label and also as an indication 
to the chemist of the structure of the substance. This 
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second function of the name, as it happens, does not 
concern ns here, but we have to use the awkward title, for 
it is the only one available. 

There is no evidence that indolyl-3-acetic acid plays any 
role within the plant in regulating its growth — it is not 
found in the growing parts, as auxin is, and it is very 
puzzling why it should have this extremely potent action. 

Both indolyl-3-acetic acid and auxin exert quite measur- 
able effects on wheat shoots in dilutions of the order of 
one part in a thousand million. Whatever the theoretical 
explanation of their actions may be, the realisation that 
small traces of particular chemical compounds exert 
marked effects on plant growth may prove to have im- 
portant practical applications. We may be able to double 
the size of our tomato plants or to make our apple-trees 
grow up three times as quickly by the judicious application 
of a dilute solution of a suitable stimulant. Indeed, this 
new knowledge has already been applied in practical 
horticulture. Indolyl-3-acetic acid has also been found to 
be very valuable in promoting the formation of roots in 
“ cuttings,” causing the cuttings to “ take ” more surely 
and more quickly. It was soon fotind that indolyl-3-acetic 
acid was not alone of its kind in promoting root growth, 
but that many other acids, such as phenyl acetic acid 
(Fig. 37, c), were also active in this respect. This line of 
work is likely to be of considerable economic importance 
in the near future : we may expect that the labour of the 
organic chemist will bear fruit in a very literal sense. 

If the control of plant growth is of great economic 
importance, the problems of the development of animals 
and especially of man are of more personal interest. In 
man and most of the other higher animals we meet the 
str ikin g fact that the growth of the body as a whole is 
limited to the earlier part of the individual’s existence, 
perhaps to only a fifth or a tenth of the natural span of 
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life. The fact that this compression, of the growth period 
to the early fraction of life is specially characteristic of 
birds and mammals is obviously related to the repro- 
ductive habits of these anknals. In mammals the young 
are born at a relatively advanced stage of development ; 
in birds the egg contains sufficient food to enable this 
stage to be reached before hatching. Obviously the size 
of the newly born young or the newly laid egg must be 
considerable, and so it is an advantage for the mother 
to have done most of her growing before the attainment 
of sexual maturity. A¥hatever the explanation may be, 
this compression of growth into the earlier years of life, 
and its cessation thereafter, implies a very precise control 
over the growth of the body as a whole. Some insight 
into the means by which this control is exercised is obtained 
by examining the cases where the control has gone wrong. 
Most of us reach a height somewhere between five or six 
feet. What has happened in those individuals who are 
almost as small as the Lilliputians or those who seem to 
be trying to rival the inhabitants of Brobdignag ? 

We are not of course here concerned with those people 
who for hereditary reasons are somewhat above or below 
the average height, but rather with those giants and 
dwarfs who owe their abnormality to a definitely 
pathological cause. Many people are unduly short because 
m their childhood or youth their growth was stunted as 
the result of disease or defective nutrition (see p. 233) 
We have already met an extreme example of this in the 
“ cretin ” dwarfs, those physically weak and mentally 
defective children sometimes born in districts where 
goitre is common as a result of iodine deficiency (see p. 
149). Here the cause is evidently the failure of the thyroid 
gland to function properly m the yet unborn child, with 
the resulting disturbance of the growth and development 
of body and bram alike. 
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Fig. 38. — ^The line shows the average length of Loch Maree trout at 

different ages. 

(From data given by G. H. Hall, The Life of the Sea-Trout^ 1930.) 



soon after puberty is in marked contrast with the progressive 
growth of fish and many other creatures throughout life. 

(From data collected by Friedentbal, Physiologie des Menschenwachstums^ 1914.) 
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Perhaps the most interesting types of giants and dwarfs 
are those in which the departure from normality is the 
result of a disturbance of the pituitary gland. We re- 
marked in the last chapter that this gland appears to 
function as a kind of Home OfiB.ce for the body. It is 
therefore not surprising to find that among the messengers 
sent out from it one particular group is concerned with the 
control of growth. Extracts of one part (the anterior lobe) 
may be prepared which when injected into young animals 
hasten the growth of the bones ; these extracts of the pitui- 
tary gland evidently contain a “ growth-promoting factor.” 

Now, in men, as in most mammals, cessation of growth is 
associated with puberty and the attainment of sexual 
maturity. Of the many bodily changes which then take 
place, one is an alteration in the growing parts of the 
bones which makes further lengthening impossible. As 
we have seen in the last chapter, the pituitary gland 
plays a dominating part in controlling and co-ordinating 
the many activities of the organism required for sex and 
reproduction, and so it is probable that in addition to the 
promotion of normal growth in childhood and youth, its 
secretion is also concerned in the arrest of growth which is 
determined by these bone changes. 

Consider now what happens when the pituitary is over- 
active and produces too much growth-promoting hormone. 
If this occurs in childhood, rapid growth will take place 
and the child will grow into a giant. It often happens 
that the disturbance of the pituitary which rendered it 
over-active in youth results in its failure later on. Hence 
in giants of this typ)e there is not infrequently a failure 
on the part of the pituitary to produce the sex-regulating 
hormone when it is required. Consequently it sometimes 
happens that these giants are undeveloped sexually ; 
they are soft and fat and if male somewhat feminine in 
appearance. 
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Sometimes, however, the abnormal over-activity of the 
pituitary may not set in till after adult life has been 
attained. The bones are still able to respond to the growth- 
stimulating hormone, but not by becoming longer, for they 
have already set to a fixed length. The actual result is 
a peculiar and characteristic distortion of the skeleton 
known as acromegaly (see Plate VII). The body becomes 
massive and angular, and the face assumes a curious 
leonine expression. 

Instead of the pituitary becoming overactive in child- 
hood, the opposite may happen ; the gland may at an early 
age xmdergo some kind of degeneration, resulting in a 
failure to produce its secretion in adequate amount. The 
result is what might be expected — growth and development 
are arrested and the individual remains a veritable Peter 
Pan who never grows up. These are the dwarfs of twenty, 
thirty, forty years of age or even more who play the parts of 
children on the stage — ^physically they are children not only 
in size but also in development. For the pathological 
pituitary fails to produce not only the growth hormone but 
also the secretion which initiates sexual maturity. A 
very difierent type of dwarf is produced when the bone 
changes which put a stop to their further lengtheniag 
occur prematurely. Sometimes this fixation of the bone 
length may occur not long after birth or even before it. 
The precise cause of this condition (known as achondro- 
plasia) is not known — it may possibly be due to some 
too early activity of the pituitary. In these individuals 
the body usually goes on developing more or less normally 
except that growth in the direction of length is curtailed. 
Development is limited to the other two dimensions, and 
so we obtain those burly, squat little fellows, the “ Little 
Titches ” of the stage. They become fully developed 
men and women, often very strong and healthy, only 
ridiculously short. 
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Two otter types of dwarf may be briefly mentioned. 
Tbe first of these includes those miniature men and women, 
perhaps barely two feet in height, who are sometimes 
exhibited in fairs or on the stage. These “ Tom Thumbs ” 
are mature and perfect in every detail, only they are 
built on a reduced scale. Evidently some abnormality in 
development has taken place. The exact cause is not 
known ; but the most likely explanation is the following. 
The fertilised ovum first divides into two cells, then into 
four, and then eight, and so on. If at such an early stage 
of development one cell becomes detached from the others, 
it may still develop into a complete perfect adult, but an 
adult of unusually small size. At least, this has been 
shown experimentally in the case of the developing sea- 
urchin’s embryo, where one cell can be deliberately 
detached from the others and reared until it has developed 
into the miniature adult. It is a plausible guess that 
human midgets are the result of a rare embryonic accident 
of this kind. 

The other type of dwarf to be mentioned starts as an 
apparently normal baby, but even in childhood begins to 
look prematurely old. His face becomes set and wrinkled 
and his growth is stunted. The wizened, senile young man 
is usually intellectually precocious and highly intelligent. 
The trouble in this case is thought by some to lie m the 
pineal gland (Fig. 34), that peculiar organ within the 
brain which the ancients thought was the seat of the soul, 
and which according to modern evidence has some 
obscure relation to growth. In these precocious dwarfs 
this gland, which normally decreases in activity in early 
childhood, apparently continues to function at an un- 
dimimshed rate, and the result is premature physical 
senility. 

This discussion of dwarfs and giants brings out the 
importance, for the control of bodily growth, of the glands 
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of internal secretion and especially of tlie pituitary. An- 
otiier gland wHcli seems to be of some importance in this 
connection is the thymus. This organ, which is found 
in the chest (see Fig. 34), is peculiar in undergoing a 
decrease in size about the time of adolescence, when 
growth slows down and ultimately stops. There is some 
evidence that extracts of this gland promote growth 
and that removal of the organ duriag the period of growth 
has the opposite effect. Much work remains to be done 
before we can give a complete account of what happens 
to change the rapid growth of the boy of ten to the fixed 
size of the man of twenty, but it is already clear that special 
chemical molecules, synthesised by certain glands and 
secreted by them into the blood stream, are essential 
factors in bringing about the change. 

Of course, we must distinguish between the growth- 
stimulating hormones on the one hand and the vitamins 
which are necessary for growth on the other. The latter 
happen to be indispensable components of living cells ; 
in the absence of a sufficient supply of the necessary 
molecules the normal number of cells in the body cannot 
be manufactured. There is no evidence that the vitamins, 
in general, exercise any stimulating action. It is true 
that the addition of half a pint of milk per day to the diet 
of the ordinary schoolchild is found to increase his growth 
rate appreciably, and this in spite of the fact that he is 
already an inch or two taller and a pound or two heavier 
than his father was at the same age. But this just goes 
to show how miserably nourished and how stunted the 
average child used to be — and often still is. There is no 
evident advantage in size per se ; what is important is the 
realisation that previous standards of environment and 
diet have been inadequate to bring out the full potentiali- 
ties of the growing organism. The best seeds will do 
badly in poor soil : manuring the soil improves the plants, 

233 



ON GROWING UP 


but only up to tie limit set by tie quality of tie seeds ; 
in the same way, an excess of tbe growtb-promoting vita- 
mins will not produce giants. Tbe hormones, on tbe other 
hand, have a positive effect : they stimulate the cells and 
modify their behaviour ; they are active controlling 
agents. 

So far we have been concerned only with the growth of 
the body as a whole and of certain gross structures such as 
the bones. But this is evidently only the fringe of the 
problem. It is the development of detailed structures 
which appears to be more mysterious. How does the 
newt contrive to grow a new leg from the stump of his 
old one ? What are the forces which constrain the multi- 
plying cells of the developing embryo to form themselves 
into head and eyes and hands and legs, and all the other 
complicated structures of the fully developed body ? 

It is indeed in the course of embryonic development that 
we meet with the problems of growth in their most 
challenging and dramatic form. Here in a hen’s egg is a 
fertUised ovum, entirely master of its fate and depending 
on the rest of the egg only for its supply of food ; within 
three weeks this single cell will have grown into a complete 
and perfect chick. All the time the embryo has been 
growing, it has been demonstrably isolated within its shell 
from all outside control. This miracle of embryonic 
development presents one of the most fascinating of all the 
problems of science. 


We are still in a position to form only a very incomplete 
picture of this complex process. However, thanks in large 
measure to experimental observation on the growth of 
the embryos of newts and other amphibia, a great deal 
has been learned of the general line along which development 
proceeds. 


A classical experiment in this field of research was the 
demonstration in 1924, by the great German experimental 
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embryologist Hans Spemann and bis pupil Hilda Mangold, 
that tissue from a special region near tbe end of the 
embryonic gut, “ tbe dorsal bp of tbe blastopore, trans- 
planted on to tbe abeady differentiated parts of another 
embryo, initiated in tbe latter tbe development of a second, 
parasitic, embryo. This particular tissue bas apparently 
some power of controlbng and organising into a new 
form tbe cells in its immediate neighbourhood. 

Soon it was discovered that cell-free extracts retained tbe 
potency of tbe original tissue, and that these extracts 
could be boiled and subjected to chemical treatments of 
various kinds without being inactivated. Much more 
surprising was tbe discovery that extracts made from a 
variety of tissues, themselves inactive, bad tbe organising 
power hitherto associated with tbe special embryonic 
tissue. Indeed, it was soon reabsed that suitably prepared 
extracts of almost any ordinary tissue showed activity 
as an “ organiser.” Evidently most tissues contained 
some factor, relatively stable to beat, which is normally 
combined with some other cell-constituent and is only 
liberated after suitable treatment. It was shown that 
this active factor was extracted by ether, and it was 
ascertained that it belonged to that fraction of the ether- 
soluble constituents of the ceU not hydrolysable with 
sodium hydroxide solution. These and certain other of 
its properties suggest that it belongs to the sterol group 
(see p. 264) of organic compotmds, and is therefore related 
to vitamin D, the sex hormones, and the bile acids. It is 
an interesting fact that certain synthetic compounds of the 
class which possess cancer-producing (carcinogenic) and 
oestrus stimulating (oestrogenic) activity (see pp. 212, 265, 
270), can also act as organisers, the organiser activity being 
specially associated with oestrogenic action. Whatever 
the “ organiser ” compound present in animal tissue 
may ultimately prove to be, it seems beyond doubt to 
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possess a relatively simple molecule analogous to tlie sex 
hormones already discussed. This must be one of the 
key compounds in the process of growth and develop- 
ment. 

This chemical compound, the organiser, may be thought 
of as analogous to the guard’s whistle which starts the train. 
It induces the imdifferentiated, unorganised tissue to 
organise itself as an independent embryo. But once this 
fundamental orientation has taken place, once the train 
has been started, how is the development kept on the right 
lines ? The young embryo is at first little more than a 
tube or axis. A definite orientation soon begins to manifest 
itself. One end commences to develop into the head 
region, the other into the trunk and tail. It is through 
grafting experiments on the embryos of newts at these early 
stages that results of great importance have been obtained. 
If a piece of tissue be removed from the tail region of 
one embryo — ^this in the ordinary course would develop 
into tail organs — ^and is grafted on the head region, it will 
usually develop not into tail but into head organs. Con- 
versely, tissue from the head region grafted into the tail 
end of an embryo will tend to develop into tail organs. 
Evidently the embryonic tissue has a certain plasticity— 
its course of development is greatly influenced by the 
environment in which it finds itself. 

But this plasticity is only relative. Once development 
has proceeded so far, tail tissue can only develop tail organs 
and nothing else. The tail tissue becomes irrevocably 
destined for the hinder parts, but within these limits it 
stfll retains its former plasticity ; it can stiU develop 
indifferently into a leg or a tail. But once growth has 
proceeded a tittle further, then the tissue becomes more 
specifically assigned— it is now definitely part of a leg and 
cannot develop into anything else. It is still plastic, 
however, with regard to the various parts of the leg. But 

236 



ON GEOWING UP 


gradually these different parts differentiate themselves out, 
and as they do so the tissues of which they are severally 
composed become ever more definitely fixed in respect of 
their future development. 

It is perhaps an undue stretching of the imagination 
to compare to this extraordinary process of organic growth 
the relatively simple development of an inorganic crystal. 
And yet the analogies are obvious enough. The initiation 
of crystallisation is often a peculiarly difficult process. 
A nucleus or “ seed ” is required, a trace of the crystalline 
material, a fragment of the regularly arranged atomic 
lattice, the forces emanating from which guide the new 
atoms into their correct positions. And once the crystal 
has begun to grow and acquired a definite form, the new 
material which it takes into its system arranges itself 
in the correct way, forming planes and edges and corners, 
all in their regular order, and these in their turn guide still 
other atoms into their correct positions. In a complex 
crystal pattern, such as the ice crystals found in snow, 
the whole pattern is gradually developed in its full com- 
plexity from a smaller and simpler form. As with the 
growing embryo, there is a slow differentiation of the parts 
from a more general primitive type. In the biological 
case, of course, the atomic patterns involved are almost 
infinitely more intricate. In the fertilised germ cell, from 
which the whole process of growth starts, we have a compli- 
cated arrangement of organic molecules. This unique and 
intricate structure has very special properties, and pre- 
eminent among these properties is the ability to grow and 
develop in the way described. This means that the mole- 
cular patterns in a group of cells at some particular stage 
in the development of the embryo is such that new material 
coming into the system is arranged as an extension and 
development of the same pattern. The new tissue thus 
formed in turn co-operates m the organisation of further 
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material, and tlius we get the progressive growth and 
development of the organism. 

One is reminded of the behaviour of the small particles of 
iron scattered on a piece of paper immediately below which 
has been placed an ordinary bar or horseshoe magnet. If 
the paper is gently tapped, the iron particles arrange 
themselves so as to form nrunerous hnes running from one 
pole to the other. If the arrangement is disturbed, the 
same picture will re-form itself provided the gentle tapping 
is continued. The iron filings, in fact, map out the so- 
caUed hnes of force of the magnetic field. It is not 
surprising, then, that it has become customary to thinh of 
the organiser regions as exerting “ determining fields ” 
in their immediate neighbourhood, and of the various parts 
of the growing embryo as developing m the appropriate 
“ field.” Consequently, grafted tissue, if sufficiently 
undifferentiated, will be moulded into a configuration 
determined by the local field, just as a fresh batch of iron 
filings will settle down into a pattern in conformity with 
that already existing. The fact that the iron filings are 
not entirely passive, but, being small magnets themselves, 
shghtly modify and intensify the field in their immediate 
neighbourhood, has an obvious if somewhat fanciful 
analogy to the fact that the embryonic fields become 
more and more differentiated as development proceeds, 
and in turn induce the differentiation of new fields. 

New structures are formed not only during embryonic 
growth ; very similar and almost equally puzzUng problems 
are presented by the phenomena of the regeneration of 
organs — ^by the crab which grows a new toe or the hzard 
which produces a new tail. How is it that the new tissue 
knows what form to assume and to what size to grow ? 
Some fight is shed on this question by the very interesting 
experiment in which the nodule which formed on the 
stump of the amputated leg of a lizard, and from which 
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the new leg would normally have grown, was grafted 
on to the stump of the amputated arm. The leg tissue 
developed to form part of the new arm. Evidently its 
growth was determined not so much by its innate make-up 
as by the environment in which it found itself. This 
suggests once more the existence of “ fields ” of some Mnd, 
located in particular organs and tissues and their immediate 
neighbourhood, and guiding the growth of new tissues 
within the space over which the fields extend. 

It would seem, then, that we must think of the detailed 
structure of living organisms as developing under the in- 
fiuence of “ fields,’’ determined by the organised tissue 
already present, and gradually growing in extent and 
precision as more and more organised tissue comes into 
existence. We may feel uneasy, however, as to whether 
these “ fields ” really explain the phenomena in question. 
They are sfightly reminiscent of the explanation of the 
soporific efiect of opium as being due to its virtue 
dormative.” It may be suggested that the explanation in 
terms of the so-called fields ” is nothing more than a 
description of the facts and that we are simply using a 
form of words to mask our complete ignorance of the real 
nature of the phenomena. There is doubtless some force 
in this contention ; but it must be remembered that, as 
explained in Chapter II, all science, in the ultimate analysis, 
is only a description of the facts — a description as true and 
also as comprehensive as possible. The statements made 
must have maximum reliability and also maximum content. 
Now the trouble about ad hoc explanations, such as the 
description of the phenomena of regeneration and embryonic 
development in terms of “ fields,” is that they are of 
relatively limited content. They apply only to a special 
set of phenomena and they are not apphcable even to these 
in a quantitative form. Thus they lack both generality and 
precision. This is really the fundamental objection against 
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those explaaations of living phenomena which are vitalistic 
in t)rpe, that is, which exphcitly or implicitly postulate a 
“ soul ” or “ entelechy ” or some such notion. Similarly 
it is the objection to theistic explanations of the universe 
as a whole. Such explanations are not necessarily wrong, 
they are merely scientifically somewhat empty and un- 
interesting. However, as the conception of these “ fields ” 
does correlate a considerable number of facts and has a 
quahtative, though not a quantitative, content, it is 
acceptable at least as a provisional interpretation of the 
facts. 

In the final analysis, of course, we hope to describe such 
a “ field ” in terms of the properties and reactions of the 
various cells which determine it, and these in their turn 
in terms of molecular structure. The magnetic field 
round a magnet was similarly explained in terms of the 
elementary magnetic properties of the individual iron 
atoms, and later these were interpreted in terms of electron 
orbits and quantum numbers. We may expect these bio- 
logical “ fields ” to be analysed ultimately in terms of 
enzymes or diffusing hormones or metabolic rates. The 
structures and processes involved are evidently so complex 
that the elucidation of detail is Likely to be a long and 
tedious task. It involves the most delicate and specific 
properties of highly organised aggregates of billions of 
bilhons of atoms. It will quite obviously be a long time 
before man’s chemistry is able to give a reasonably complete 
account of even the simplest of living organisms. Nature 
is far ahead of us in her methods and her achievements. 
But it must be remembered that she has had an enormous 
start. The cockroach can do things quite beyond our 
laboratory technique, but, of course, the cockroach has 
been at it for milhons of years and his ancestors had been 
experimenting for hundreds of times as long. The organic 
chemistry of man was scarcely born one hundred years ago. 
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The tortoise had an enormous start, but even already the 
hare has appreciably reduced the lead, and so far there 
has been no sign of the hare taking his ease and going to 
sleep ; rather his speed is increasing with practice, and 
biochemical progress becomes faster and faster. It would 
be rash to set any limit to what may some day be achieved. 
Man is yet but a child on the earth. 

However, being still a child and a young one at that, 
he is not yet much beyond the stage of learning his alphabet. 
Occasionally he is able to make out two or three consecutive 
letters and to recognise a small word or a syllable or two 
of a larger one. Sometimes he may even be able to read a 
small simple sentence, and then he feels very pleased 
with himself and begins to look forward to the time when 
he will be reading or even writing whole books. But at 
present the deciphering of a little phrase here or there 
gives him great pleasure. Here, for example, is an interes- 
ting fragment recently unravelled in the intricate story 
of development. It concerns the processes which occur 
in the germination of seed. 

In the malting of barley, which is so important in the 
brewing industry, the essential factor, from a practical 
point of view, is the development of enzymes which convert 
the starch into sugar. But where do these enzymes 
come from ? Do they exist in the barley before germina- 
tion or are they synthesised de novo in the sprouting seed ? 
Both alternatives would seem to present difficulties, for 
if the first possibility is the fact, then how does the seed 
manage to protect its starch from premature attack ? 
On the second hypothesis, the freshly developing seed 
would have to prepare its enzymes before doing anything 
else, and this would seem to be asking too much even for 
living cells. The difficulty is overcome in an ingenious 
way. Kecent work shows that barley contains two starch- 
splitting enzymes. The first, a, attacks the large starch 
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molecule and splits it iuto a number of fragments. Tbe 
second, 6, cannot act on tbe intact starch, but only on the 
fragments produced by a. However, in the barley extracts 
the first enzyme a is in an inactive form and so even although 
b is active, the starch is immune from attack. In order to 
activate a it is necessary to add an activator to the system. 
Actually this activator appears to be a protein decompo- 
sition product, and it is formed in the germinating barley 
by the action of protein-splitting enz 3 nmes on the proteins 
which are present. Once the activator is available in the 
germinating grain, the a enzjune soon does its essential 
work of splitting up the starch molecules into small 
fragments, and these are rapidly broken down into sugar 
by the b enzyme which is present in ample amounts. 

The h enzyme requires no activator, but it cannot operate 
prematurely as it must wait until the a one has done its 
preparatory work. Thus, in the germination of barley — 
and something similar presumably takes place in the case of 
other seeds as well — ^the protein-splitting enzymes first 
become active, no doubt as the result of some change in the 
physico-chemical conditions not yet completely elucidated. 
Then the rest follows automatically — ^the fission of the 
proteins, the production of the activator, the splitting up 
of the starch molecules, and finally the breaking down 
of these fragments into sugar. By a simple device the 
plant ensures that the liberation of the stores of carbo- 
hydrate in the seed will take place just at the right moment 
— a short time after the proteins have begun to rearrange 
themselves so as to build up the structure of the growing 
embryo. 

In this way, then, has one short sentence — or perhaps 
only a minor phrase — in the complex story of the develop- 
ment of living organisms been deciphered. A number of 
such isolated fragments have been made out. So far they 
are, in general, still unconnected words and phrases, but 
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familiarity with them makes it possible to recognise similar 
constructions elsewhere. As knowledge and experience 
increase and new methods become available, we may hope 
to be able to piece the disjointed fragments together, and 
so to obtain some notion of the main threads of the story 
running through the book of life. 
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CHAPTER XIV 


CHEMICAL MAKESHIFTS IN NATURE 

Nature is full of makesliifts of one kind or another. 
Structures designed primarily for one purpose may subse- 
quently be adapted to quite different uses. The foreHmbs 
of TnaniTnalS j like tbe hind ones, are primarily for helping 
the animal to move about, but in the sea-lion, a mammal 
which has taken to the water, they have become flappers, 
whilst in the bat they have been modified into the shape 
of wings and are used for flight. In man the fore-limbs 
are employed directly for the purpose of locomotion only 
at a very immature stage, or when his normal bipedal 
method of progression is impossible by reason of exhaustion, 
illness, or intoxication. Instead, his front feet, by rela- 
tively minor alterations, have been developed into hands ; 
and these, in spite of the manifold traces of their origin 
which still cling to them, are tolerably well fitted to play 
their part as chief executive officers of the human brain. 
The hands of the billiard player who makes a break of a 
thousand, of the expert typist, or of the pianist, with his 
exquisite delicacy of touch, are remarkable examples of 
adapted structures well-nigh perfect in their performance. 

These anatomical adaptations are familiar to all students 
of biology. They are staring us in the face and need only 
be pointed out to be appreciated. But with the extension 
of our knowledge of living matter — with the discovery of 
many of the details of the mechanisms whereby the living 
cell grows and develops and propagates itself— many other 
examples of the same kind of thing have come to light. 
We encounter clear cases of what may be called chemical 
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adaptation — cases in wMcli wliat is beyond doubt funda- 
mentally tbe same compound is employed, perhaps in a 
slightly modified form, for purposes quite different from 
those for ■which it was originally intended. 

This idea of chemical adaptation we have already 
touched on in connection with the building up and use of 
large molecules. We have seen how the same idea, the 
synthesis of complicated structures from a small number 
of constituent parts by some process of condensation, has 
been employed in many varied directions with evident 
success. The proteins afford a striking example of what 
can be accomplished ■with limited resources. They are all 
built up from a score or so of amino-acids along with an 
occasional molecule of sugar or phosphoric acid or some 
other common compound. They are all variants of the 
same pattern and yet they are employed for an immense 
variety of purposes — ^they are found as merely dead 
structural material in hair and wool, and as the charac- 
teristic and essential components of enzymes, the most 
delicate and important mechanisms of the living cell. 

An example or two should suffice to illustrate the typ)e 
of chemical adaptation which is actually found in plant 
and animal organisms. To bring out the point it is neces- 
sary to refer in some detail to the structural formulae of 
the substances in question, for it is by means of these 
formulae that relationships between different compounds 
are most easily exhibited. As explained in ChapterTV, these 
formulae are merely convenient methods of representing the 
different atoms in any compound and the pattern in which 
they are arranged. A small modification of structure may 
make a big difference to the physical appearance and even 
to the chemical properties of a substance, but inspection 
of its structural formula will usually at once make clear 
its real affinities. 

To most of us, perhaps, the mention of uric acid 
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stimulates unpleasant associations. It suggests gout, and 
quite properly so, for gout is due to tlie deposition of this 
compound in tie joints, especially those of the toes. But 
uric acid is not always or even usually associated with gout. 
Indeed, it is normally present in our blood in small but 
definite amounts, whence it is eliminated by the kidneys, 
about half an ounce being excreted in something less than 
a month. Sometimes this uric acid separates from solution 
in the kidneys or in the bladder, and it may then form 
granules or stones which are often the cause of severe pain 
if they are not removed. 

If we turn to the physiology of birds and reptiles we 
find that uric acid performs a really useful function in 
these animals and is not present merely as a possible cause 
of pain and disease. In mammals the nitrogen derived 
from proteins which have been broken down in the course 
of tissue metabolism is mainly eliminated as urea, which 
is highly appropriate for the purpose, since it is almost 
half nitrogen, is highly soluble in water, forms practically 
neutral solutions, and at ordinary concentrations is very 
innocuous to living tissues. 

In birds and reptiles, however, uric acid takes the place 
of urea. At first sight this seems a very much less con- 
venient vehicle for nitrogen excretion, since only one-third 
of its weight is nitrogen and it is relatively insoluble in 
water. It happens, however, that the anatomy of birds 
and reptiles is such that it is not convenient for them to 
excrete their urine in a liquid form. They concentrate it 
by reabsorbing water, a process which occurs to some extent 
in the kidneys even of mammals, but which is carried 
much further in the uric acid excreting animals. Now to 
effect concentration of a soluble substance involves the 
expenditure of energy — ^the process of squeezing together 
the dissolved molecules is not unlike that of compressing a 
gas, and it becomes more and more difficult as the concen- 
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tration increases. But if the compound is insoluble, like 
uric acid, it separates spontaneously from solution as the 
■water is removed. The bulk of the water in which the 
uric acid is dissolved can thus be abstracted relatively 
easily, just because the uric acid is so insoluble. For 
animals ■with a dry or desert habitat this special power to 
conserve water easily would clearly be a great advantage. 
Perhaps the early reptiles were adapted to such conditions 
— the birds, as we know, are descended from specialised 
reptiles. 

Thus far we have met "with uric acid as an excretory 
product, a mere rag-cart for the convenient removal of 
worn-out goods. If this were all, uric acid would not be 
a very interesting substance. But to recognise its true 
significance in nature, it is necessary to regard it as one 
member of a 'wide group of substances. Some of these are 
just as familiar as uric acid itself, or even more so. 

Tea, the cup that cheers, exerts its stimulant effect in 
■virtue of a special compound present in the tea-leaf and 
extracted from it during the infusion. This substance is 
also present ha the coffee-bean and to some extent in cocoa. 
It is called caffeine (or theine) and contains the same basic 
pattern of two “ rings ” as uric acid ; the relationship 
between the two substances is brought out by the formulse 
in Fig. 40. A closely related compound, theobromine, is 
also represented in the figure. This is foimd in the cocoa- 
bean and certain other seeds. 

It ■will be seen that the same two rings of carbon and 
nitrogen atoms are present in all these compounds and 
that they differ only in respect of the atoms or groups of 
atoms attached to this special ring structure. They are 
all modifications of the same fundamental pattern, and as 
it is sometimes convenient to refer to them collectively, 
they have been called the “ purines.” 

In a very real sense, of course, these purines are drugs — 
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they liave a definite action on certain body cells and tissues 
and they are consumed, wbetber as tea or coffee or in 
bottles dispensed by the cbemist as tbey sometimes are 
primarily in order to produce tbat physiological effect. 
Tbey are drugs just as veronal and morphine and cocaine 
are drugs. But they are mild drugs and produce an effect 
which is often beneficial and rarely if ever really harmful 
to the taker. Few will deny that the introduction of tea 
and coffee into Europe has enriched the personal and social 
life of the community. Perhaps one of the secondary 
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results of the development of organic chemistry will be 
the extension of our resources in the way of mild, benefit 
cient and foolproof drugs, and the elaboration of the art 
of drug-taking so as to give real enrichment to life, in the 
mental as well as in the physical sphere. 

But nature has already explored some of the aesthetic 
possibilities of the purines— as colouring matters for 
decorative purposes. Who has not marvelled at the brill- 
iant colouring of some of the more gorgeous of our butter- 
flies and wondered whence they obtained the pigments 
with which to paint their patterns 1 But has it occurred 
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to tie reader that even the creamy ■mng of the common 
Cabbage White requires a special colouring matter, no less 
than the arresting displays of its more lavishly adorned 
relations ? A 'white paint contains a pigment just as 
necessarily as one which is a dazzHng purple or scarlet. 

It was in 1894 that Gowland Hopkins, afterwards to 
become world-famous for his pioneer work on the 'vitamins 
(Chapter X), first isolated this pigment from the wings of 
the Cabbage White. The compound appeared to be nothing 
else than ordinary uric acid. It analysed correctly and 
gave the same reactions, and for many years no one 
doubted that it was 'uric acid. In 1926, however, when the 
German chemists Wheland and Schopf re-examined the 
compo'und they found it very like uric acid, but not quite 
the same. They showed that in reahty it was a new 
compound and that Hopkins had been misled by very 
deceptive appearances. His mistake was one which it 
would have been very difficult for any chemist to avoid in 
those early days. The striking fact is that Hopkins 
managed to isolate the substance in a pure crystaUine 
form and to characterise it as precisely as he did. Wieland 
and Schopf thought at first that the pigment was formed 
in some simple way out of two molecules of uric acid, but 
more recently it has been shown that it is more compli- 
cated. Though the exact structure is still uncertain, there 
is no doubt that it is based on the purine pattern and is 
closely related to that of uric acid itself. 

During recent years it has become clear that this pigment 
of the Cabbage White is not the only representative of its 
t 3 q)e in nature, but that it is an example of a group of 
compounds called “ pterins ” which are 'widely distributed 
in the animal and especially the insect world. Thus, for 
example, a related yellow pigment called “ xanthopterin ” 
(the Cabbage White compound was named “ leucopterin ”) 
has been obtained from the wings of the Lemon Butterfly. 
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Xanthopterin has also been found to be the yellow pigment 
responsible for the decoration on the bodies of wasps. 

The significance of the purines, however, is not hmited 
to the tea-table or the cofiee-house, or even the medicine 
chest or entomologist’s cabinet ; their real importance is 
to be found on a much more fundamental plane, and indeed 
these compounds prove to be intimately concerned in the 
cardinal processes of hving matter. It is perhaps signifi- 
cant that cell nuclei are especially rich in their content of 
purines. From these nuclei may be obtained a substance 
called nucleic acid, which proves to possess a somewhat 
complicated structure built up out of phosphoric acid, 
sugar, and certain nitrogenous substances. Here we are 
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concerned only with the last named. They fall into two 
classes : one class is found to consist of typical purines, of 
which adenine and guanine are examples. These, like the 
other members of the group already mentioned, contain 
the characteristic “ two-ring ” system — they differ only iu 
that they carry somewhat different side groups (Fig. 41). 
The purines are thus evidently concerned in the most 
intimate and essential structures of living matter. 

The nitrogen-containing compounds of the second class 
found in nucleic acid, though not purines, are closely 
related to them. They possess only one rmg, but this ring 
proves to be none else than the larger ring of the purine 
structure. Inspection of the formula of a typical example 
will make the relationship clear. Fig. 42 (a) represents 
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C 3 H:osine, and it will be seen that it consists of a six- 
membered ring containing two nitrogen and four carbon 
atoms with one or two side groups attached. Thymine 
and uracil, Kg. 42 (6, c), are other common representatives 
of this class of compounds. We may regard this “ pyrimi- 
dine ” ring (as it is called) as the basic structure of which 
the purine two-ring system is a somewhat more comph- 
cated variant. 

NH— CO NH— CO 

. . II II 

CO CH CO C-CHg CO CH 

I II I II I II 

NH— CH NH— CH NH— CH 

(a) (b) (c) 

Cytosine. Thymine. Uracil. 

Fig. 42. 

But, what evidence is there that these pyrimidine and 
purine compounds play any really dynamic, any really vital 
role in the activity of the cell — as distinct from affording 
material for mere structural purposes ? Before answering 
this question let us write side by side (Kg. 43) the struc- 
tures of a purine, a pyrimidine, and those of vitamin Bj 
and lactoiavine (vitamin B 2 ). 

It is at once evident that these compounds are closely 
related to each other : they all contain the characteristic 
pyrimidine ring of two nitrogen and four carbon atoms. 
These vitamins, which are certainly concerned with the 
dynamics and not the structure of the cell, may both be 
regarded as somewhat elaborate pyrimidine derivatives 
just like uric acid and the other purines. 

The reader will remember from our discussion of enzymes 
that there is a co-enzyme, concerned with the processes of 
muscular contraction, called adenyhc acid (see p. 199). 
The name itself suggests a relationship to adenine: an 
examination of the formula (Kg. 44) will show precisely 
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what the relation is. Not only is it a purine, but, curiously 
enough, its general architecture is very like that of lacto- 
flavine-phosphoric acid (Fig. 44) already encountered as a 
hydrogen-transporting co-enzyme. In both compounds 
the nitrogenous part is combined both with a sugar (ribose) 
and with phosphoric acid. When it is further remembered 
that the two important cell constituents co-dehydrogenase 
(I) and (II) also contain adenine it becomes quite clear 
that the purine structure must have some property rendering 
it peculiarly appropriate for the construction of co-enzymes. 
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Our second example of the same fundamental structure 
appearing under many difEerent disguises and being 
employed for many different purposes, exhibits close 
analogies to the first. The compounds concerned are to 
be found in practically all types of living cells. They serve 
all kinds of purposes — ^from carrying out some of the most 
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Adenylic acid. Lactoflavine phosphoric acid. 

Fig. 44. 

important functions associated with life to providing pig- 
ments of only decorative value, or perhaps of no value at 
all. The most famihar representatives of this second 
group of chemical compounds are the red hsemoglobin, 
present in the blood cells of man and the higher animals, 
and the green chlorophyll, so abundant as the pigment in 
the leaves of plants. 

Chlorophyll and haemoglobin are both extremely impor- 
tant substances, for as we all know it is in virtue of the 
power of haemoglobin to combine loosely with oxygen that 
the blood cells are able to transport quantities of that gas 
from the lungs to the tissues, where its presence is essential 
if life is to continue. Without chlorophyll plants could no 
longer utilise the energy of sunlight to enable them to 
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convert the carbon dioxide of the air into sugar. Practi- 
cally all life on earth depends ultimately on this trapping 
of solar energy through the agency of chlorophyll ; for the 
combustion of foodstufis in the animal body with the 
liberation of energy is only the reverse process, and the 
energy which it pelds is really the original solar energy 
which has been temporarily stored up in the form of 
somewhat unstable chemical compounds. 

Knowing their peculiar properties, we are not surprised 
that these two compounds, haemoglobin and chlorophyll, 
prove to be of a rather comphcated structure, but in recent 
years much progress has been made towards a complete 
knowledge of their constitutions. For this we are indebted 
to many workers, foremost among whom are R. Willstatter, 
whose pioneeriag work opened up this new region and 
blazed the trail, and, more recently, Hans Fischer, whose 
remarkable synthetic experiments have settled the main 
points in the structure of chlorophyll and have resulted in 
a partial synthesis of haemoglobin itself. 

From our present point of view the outstanding result of 
this complicated and difficult field of chemistry is that 
both chlorophyll and hemoglobin are derived from the 
same basic structure. This basic skeleton, which has been 
called the “ porphin ” nucleus, is considerably more comph- 
cated than the purine system, but in spite of its large size 
and somewhat elaborate structure it proves to be remark- 
ably stable towards heat and chemical reagents. It is 
represented in Fig. 45 ; as will be seen, it contains four 
rings united together in the form of one large ring by four 
=CH — groups, the double bonds being arranged in a 
characteristic pattern throughout the whole structure. In 
haemoglobin and chlorophyll, the porphin nuclei carry 
various side chains and other modifications ; these modifi- 
cations differ substantially in the two compounds, though 
not so much as to hide their fundamental similarity. Even 
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in respect of secondary details, ligemoglobin and chloropliyll 
exMbit a very close resemblance. Thus the former con- 
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tains protoporphyrin (Fig. 46), and the latter the some- 
what more comphcated phseophorbide (Fig. 47). The 
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reader need not worry about the details of these structures, 
it is sufficient to notice their essential similarity. 

Perhaps the most remarkable property of these porphins 
is their power to form relatively stable compounds with 
many metals. Thus, for example, in hemoglobin the 
protoporphyrin is combined with iron to yield a very 
special type of compound called hem ; whilst in chlorophyll 
the metal present is magnesium. The xmusual structure of 
these porphin metal compounds is paralleled by their very 
peculiar properties. But even these singular substances 
require further elaboration in order to develop fully their 
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unique potentialities. The hsem is combined with a very 
special protein called globin— and so the familiar red 
hsemoglobin is produced. In the case of chlorophyll, the 
magnesium porphyrin complex is united with a somewhat 
complicated alcohol called phytol. We may represent 
these relationships schematically as follows : 

Protoporphpin-l-Iroii-)- Globin Hcemoglobin 
Phasophorbide-fMagnesium-t-Phytol -> Chlorophyll 
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We have seen in oux discussion of enzymes that the 
living cell is in the habit of maldng use of molecular stepping- 
stones to facilitate the transfer of atoms from one compound 
to another. Now we may regard the hsemoglobin of the 
blood as a molecular stepping-stone on a grand scale. Or 
perhaps we should here think of ferry-boats rather than 
stepping-stones. The oxygen is transferred to the mole- 
cule of haemoglobin in the lungs, it is transported on it 
along the blood stream until it reaches the tissues, and 
there it is unloaded and set free to carry out its necessary 
function in metabolism. But haemoglobin is found to act 
as a stepping-stone for oxygen in another way, one much 
more closely resembling the hydrogen stepping-stones 
which we met in connection with enzymes. Indeed, this 
property belongs not only to haemoglobin but also to the 
haem moiety of the molecule by itself, and it is shared by 
many other porphin-iron compounds. In the presence of 
substances such as hydrogen peroxide, which contain oxygen 
in a somewhat loosely bound state, the haem molecule (and 
many of its derivatives) takes up an oxygen atom. This is, 
however, readily passed on to any suitable molecule which 
will receive it. The net result of the process is that 
hydrogen peroxide has lost an atom of oxygen (and become 
a molecule of water), while a third compound has taken 
up the atom, and so become oxidised, the haem derivative 
having acted merely as an intermediary. 

We thus see that haemoglobin and haem behave very much 
as if they were enzymes, promoting the oxidation of many 
compounds by hydrogen peroxide. 

Now there is a true enzyme, found particularly in many 
plant juices, which also facihtates this reaction. The 
latter, however — ^it is called peroxidase — differs from haem 
and haemoglobin in one very important particular ; it is 
iuactivated by boiling ; haem being a stable compound 
remains unimpaired in its efbciency after such treatment, 
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whilst hsemoglobin, though altered by heat, still remains 
quite active, since the important iron-porphm system rests 
intact. 

This special power of hsemoglobin and hsem to promote 
oxidations by hydrogen peroxide forms the basis of a test 
for blood which is of great importance for both clinical and 
medico-legal purposes. The test can be made a very 
delicate one, for we can choose as the substance to be 
oxidised one which, though practically colourless to begin 
with, is converted by oxidation with hydrogen peroxide 
in the presence of blood or hsemoglobin derivatives into an 
intensely coloured substance, so that a minute amount of 
oxidation may be detected. When one remembers that 
the hsemoglobin acts merely as a stepping-stone for the 
oxygen, so that one molecule of it may account for the 
oxidation of hundreds or perhaps thousands of molecules 
of the third compound, it is easy to understand that the 
test is a very delicate one. Furthermore, it is given by 
bloodstains even though they are old and apparently 
decomposed, for the important stable hsem complex remaias 
intact. The possible interference of the enzyme peroxidase 
may be eliminated by boiling the suspected material so as 
to inactivate the enzyme, should it be present. 

Man, then, has seized on the special chemical properties 
of hmm and its derivatives and used them for his own 
purposes — as the basis of tests for the detection of diseases 
and the exposure of crime. But nature had long anticipated 
him in realising the wide potentialities of these compounds 
and the possibility of adapting them to many purposes. 
For they are found not only in the red blood cells as 
hsemoglobin, but also in practically every living cell, under 
a somewhat different guise. And in this form, though they 
are present in only very minute amount, they play an 
indispensable part in the processes of life. They act as 
stepping-stones transporting oxygen from one compound 
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to another just as in the pathologist’s test for blood. In 
the cells they form one of a whole series of stepping-stones, 
one of the many small stages by which oxygen is utilised 
in the tissues. The hsem derivatives. in question are called 
cytochromes (see p. 195) ; there are usually several kinds 
even in the one ceil, but in quantities so small that they can 
be conveniently observed, and the changes which they 
undergo followed, only by means of the spectroscope. In 
heart muscle there is present only perhaps about one part 
of cytochrome in 3,000 parts of tissue. The poisoning 
effect of hydrogen cyanide (prussic acid) is largely due to 
its power to put these cytochromes out of action — a fact 
which explains why so little of this poison may prove lethal, 
and is at the same time convincing proof of the importance 
of these haem derivatives in the living body. 

Extracts of many animal and vegetable tissues when 
added to a solution of hydrogen peroxide cause an im- 
mediate effervescence. This is because they contain an 
enzyme, catalase, under the influence of which hydrogen 
peroxide decomposes with the formation of water and 
oxygen. The latter, being but very shghtly soluble in 
water, separates as a gas, and so causes the effervescence. 
This very common enzyme catalase, which probably acts 
as a biological “ scavenger ” preventing the accumulation 
of the poisonous hydrogen peroxide, has been separated 
by comphcated and laborious methods as far as possible 
from the inactive material which accompanies it in the 
crude ceU extracts. It is then found to belong to our 
porphin group of substances ; like heemoglobin, it consists 
of the iron porphin compound haem united to a protein, 
only here the protein is not globin but another, appropriate 
to the development of the function which the complete 
enzyme performs. This association of the active group 
with a special protein reminds us of the similar case of the 
yellow oxidation pigment : we may imagine the protein 
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to act as a kind of hand-rail to help the oxygen atoms to 
reach the hsem molecules from the hydrogen peroxide 
whence they start. It is now generally agreed that the 
structure of peroxidase, which we referred to above, is 
somewhat similar — an iron-containing haem component in 
association with a specific protein. As we have seen, 
compounds of the haem type have in general a peroxidase 
activity — that is to say, the power of promoting the 
oxidising action of hydrogen peroxide — in no mean degree, 
but the association of haem with the specific protein results 
in the enhancement of this activity. This increase in 
activity is so great that when the protein is altered by 
heating (that is, denatured) there is a great reduction in 
activity. For all practical purposes these peroxidase 
solutions are completely inactivated by heat, even though 
a trace of a haem derivative is present. The hand-rail 
makes all the difference — ^the stepping-stone is almost 
entirely useless by itself ; nevertheless the hsem component 
is an essential part of these enzymes. 

In any machine highly active components are apt to wear 
out, and the case of these hsem compounds in the tissues is 
no exception. Sometimes, no doubt, the damage to the 
molecule can be repaired — ^in any case, the iron can be 
recovered and used again — but a certain amount of waste 
material accumulates and must be eliminated. This waste 
material,. of course, consists of the iron-free residue of the 
haem molecule in a more or less degraded condition. In 
other words, the products in question consist of the proto- 
porphyrin referred to above (see p. 255), somewhat the worse 
for wear. If the side chains only are affected the products 
still contain the porphin nucleus and are classified as 
porphyrins. 

But the process of degradation of the hsem molecule may 
go further ; the characteristic porphyrin ring may be 
broken at one point. In this way are formed substances 
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more familiar to most of us than the porphyrins, for we all 
know the sickly colour of bile and the greenish-yellow hue 
which is so characteristic of people suffering from jaundice. 
The bile pigments are, in fact, broken-down remnants of 
haemoglobin which are being eliminated from the body by 
the liver. The relation between protoporphyrin, the 
porphin component of haemoglobin, and bilirubin, the 
commonest bile pigment, can be seen by comparing 
Figs. 46 and 48. 

For most of us the bile pigments may have unpleasant 
associations with disease, for if the function of the liver is 
impaired, either through damage or as the result of obstruc- 
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Fig, 48. — Bilirubin. 

tion of the bile duct, it may fail to eliminate these waste 
products, and the consequent accumulation of the pigments 
in the tissues accounts for the development of jaundice. 
A similar pigmentation of the blood and tissues may result 
not from the failure of the liver to act efficiently but from 
an overproduction of the pigments themselves — a condition 
which often accompanies diseases of the blood. The 
imperfect blood cells (like worn-out ones in normal people) 
are dealt with by the liver ; many of them are broken 
up and much of their haemoglobin decomposed, with the 
formation of excessive amounts of bile pigments. This 
second type of jaundice is quite different from the first ; 
but in both cases the bile pigments are themselves in- 
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nocuous ; the pigmentation is a superficial sign of the 
disease, not its cause nor even an important symptom. 

But nature would be lacking in resource if she could not 
find a use for by-products relatively so abundant as 
porphyrins and bile pigments. It is in the bird world 
chiefly that we find them being utilised, for decorative 
purposes. In the egg-shells of the gull and certain other 
birds there occurs a bluish-green bile pigment called 
“ oocyan ” (closely related to or identical with the “ utero- 
verdin ” found in dog’s placenta). The reddish tints of the 
shells of many birds’ eggs are due to the presence of 
protoporph 3 !Tin (Big. 46), which has actually been sepa- 
rated from the eggs of sparrows, cuckoos, finches, larks, 
plovers, gulls, and a few less familiar birds. Some birds 
also make use of porphyrin compounds as feather pigments : 
the bright blue in the plumage of the tmaco bird has been 
identified as the copper salt of uroporphyrin, a compound 
which is sometimes found in urine in certain diseases. Man 
has contrived to adapt the by-products of industry, in the 
form of synthetic dyes, for the purpose of sesthetic expres- 
sion, but scores of millions of years earlier the same principle 
had abeady been given practical embodiment in that some 
of the waste products of blood and tissue were employed 
by birds as pigments in their efforts at artistic display. 

Before leaving this group of substances a brief reference 
maybe made to some recent work of rather unusual interest. 
For long it has been a matter of controversy amongst 
geologists and mining engineers as to whether the oil 
deposits from which we derive our petrol are of animal or 
vegetable origin. Now recently it has been found possible 
to isolate porphyrins from coal, shales, oil, and similar 
carbonaceous deposits, and the identiflcation of these 
porphyrins gives the answer to this vexed question. For 
porphyrins derived from the chlorophyll of plants — ^the 
reader will remember that phsephorbide, the characteristic 
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structure present in cUoropIijIl, is, like hsemin, a porphin 
derivative — are different in certain minor details from tkose 
of animal origin. Now by far the greater part of tke 
porphyrins present in these geological deposits proved to 
belong to this chlorophyll group, so it may be concluded 
that our shales and mineral oils are principally of vegetable 
origin. Thus the development of the pure chemistry of 
this complicated and ubiquitous group of substances has 
borne fruit in a very unexpected quarter. 

Our third group of compounds illustrating the ability of 
the same chemical structure to appear in a variety of dis- 
guises, and so perform a number of different functions, is 
one which has only recently come to hght. The group in 
question includes a wide variety of natural products the 
structures of which were unknown up to a few years ago. 
Some of the most important members belong to the hor- 
mones and the vitamins, and it is only very recently that 
they were even isolated in a pure condition. Until this 
had been done, of course, no proper chemical investigation 
of their structure could be begun. But progress has been 
rapid and has already revealed the astonishing ubiquity 
of the group. 

Gallstones, sex hormones, bile salts and digestion, 
vitamin D and rickets, alkaloids from plants of the potato 
family, the principles present in digitalis and other drugs 
which act on the heart, the peculiar poisons in the sldn of 
certain toads, and finally cancer — ^these are the subjects 
which are strung together on this chemical thread. An 
adequate discussion of this group of substances would 
itself take many chapters and lead us into highly com- 
plicated organic chemistry. But the main point can be 
brought out fairly readily, especially as we are already 
familiar with some of the more important members of the 
group. 

Let us begin with cholesterol, for this is perhaps the most 

263 



CHEmCAL IHAKESHIFTS IN NATUEE 

easily accessible compound in the group (see Plate II). 
This substance is present in most ani m al tissue, -wbere it 
probably exists as an integral part of tbe physical structure 
of tbe cell ; but it is obtained most easily from gallstones, 
for these usually consist of almost pure cholesterol, some- 
what discoloured by bile pigments. Cholesterol is a normal 
constituent of bile, and the occurrence of gallstone is due to 
the failure of the compound to remain in solution, the result 
of some obscure disturbance of a rather unstable equilibrium. 
Now cholesterol is but one of a large group of “ sterols,” 
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compoiiiids wliicli arc found in plant and animal tissnos. 
Cholesterol has the structure shown in Fig.^ 49, a, and it is 
the ring system which forms the basis of this structure, the 
“ sterol skeleton” (Fig. 49, b), which constitutes the common 
link between the various members of this group. 

From this point of view let us examine those members 
of the group with which we have already become acquainted, 
namely, the sex hormones and the anti-rachitic vitamin. 
The sex hormones prove to be derived very simply from the 
fundamental skeleton. Formulse are here more eloquent 
than words. Two of the more important of these 
hormones are represented in Fig. 50 ; the reader will see that 
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tlie sterol skeleton is common to tkem all. There is little 
doubt that in the body they are in fact formed from the 
sterols by the application of suitable chemical reactions, 
a process already successfully imitated in the laboratory, 
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for the more important sex hormones have already been 
prepared by the ordinary methods of organic chemistry 
from suitable naturally occurring sterols. 

The close relation of the anti-rachitic vitamin D to the 
sterols was evident as soon as it was found that tbig 
dietary factor was produced when one of the sterols, ergo- 
sterol, was treated with ultra-violet light (p. 170). Ergo- 
sterol (Fig. 51, a) is closely related to cholesterol — only it has 
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three double bonds instead of one — but tbe active product 
formed by irradiation, calciferol, has no longer tbe cbaracter- 
istic sterol skeleton. Tbe treatment by tbe ultra-violet 
light bas resulted in tbe opening of one of tbe four rings 
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and in tbe absence of definite knowledge as to bow it was 
actually prepared tbe new compound might not be thought 
to be related to this group of substances at all. However, 
by writing its formula as m Fig. 51, 6, tbe structural con- 
nection is brought out. We have seen that various sterols 
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besides ergosterol produce anti-racbitic conapouuds on 
irradiation. These other “ provitamins ” difier from 
ergosterol only in respect of the side chains they carry — 
in every case the ring system remains the same and the 
transformation brought about by ultra-violet light is the 
fission of the same ring at the same point. 

Of the bile acids, the heart poisons and stimulants, and 
the toad poisons, the briefest mention must suffice, vdth 
perhaps a formula or two to illustrate the point. They 
all contain the same four-ring structure as the basis of their 
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Fro. 52 — Cholic acid. 

molecular architecture. The bile acids, for example, of 
which the salts are secreted by the hver in the bile and 
which exercise a beneficial influence on the digestion of 
fats and other insoluble substances in virtue of the 
peculiarity they have of holding many insoluble substances 
in a finely divided form or even in solution — these bile 
acids, of which there is a whole group, have structures such 
as that shown in Fig. 52, which represents the common one 
called cholic acid. 

The heart poisons are weU-known substances which are 
used in Europe as drugs to alleviate heart disease and in 
Africa as arrow poisons to kill tribal enemies. The toad 
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poisons are not so familiar to most of us. Presumably the 
toad stores them in his skin for much the same reason as 
the African native puts the vegetable poisons on his arrow- 
tips. Both groups of substances have as their basis a 
sterol skeleton just like chohc acid, but carrying somewhat 
different ornaments in the form of side chains. In a 
vegetable heart poison a structure of this type is combined 
with a sugar molecule, whilst in a toad poison there is 
attached instead a nitrogen-containing side chain (suberyl 
arginine). 
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Probable formula of Strophantbidin. This structure is typical of 
the heart poisons* 


And finally we come to our last group of compounds 
related to the sterols and the sex-hormones. These are the 
cancer-producing substances, and again it is only within 
the past few years that their nature has been elucidated. 
It has been known for some time that the application to the 
skin of soot, coal-tar, andvarious products obtained from the 
latter, over a long period of years, frequently results in the 
development of a carcinoma or tumour of the skin at 
the point where application has been made. Workers in 
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certain types of industry, such, as sweeps, are particularly 
liable to such cancers, and, in the hope of shedding light 
on the problem of cancer as a whole, a very large amount 
of work has been carried out on mice treated by painting 
the skin with coal-tar. A very large proportion of such 
animals develop typical cancers, but it is only recently that 
progress of a fundamental character has been made. 

In 1932 Professor J. W. Cook announced the isolation 
from coal-tar of a pure crystalhne compound which 
possessed the power of inciting the formation of skin 
cancers in a very marked degree. He not only isolated this 
compound ; he found out its constitution, and confirmed 
the latter by synthesising it in his laboratory. It is called 
benzpyrene and has the formula represented in Fig. 63, a. 
It contains five rings and it will be seen that four of them 
have a pattern very similar to, though not identical with, 
the ring pattern present in the sterols and sex hormones. 
The difference is that all the rings are six-membered, where- 
as in the sterols, one ring has five carbon atoms. 

About the same time Cook found that quite a large 
number of similar ring compounds are more or less effective 
in produciug cancer when applied to the skin. Now one 
of the most active of all the cancer-producing compounds 
proves to be a substance called methyl-cholanthrene. 
Fig. 53, 6. This may be produced in the laboratory from 
certain sterols by suitable chemical treatment, and as a 
glance at the formula wiU show, it contains the sterol ring 
system intact, although somewhat disguised in consequence 
of a fifth ring having been added. 

Why is this work so important ? It is because for the 
first time a perfectly definite cause has been discovered 
which wiU produce cancer, and as these compounds have 
known structures, a beginning has been made in the inter- ■ 
pretation of the cancer problem in terms of the language 
and ideas of chemistry. Now cancer is really the 
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abnormal, uncontrolled multiplication of a particular 
group of cells. It is a problem of abnormal growth and 
metabolism. Why certain chemical substances should cause 
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this disturbance of regulation and co-ordination, we do not 
at present know, but the discovery of these compounds 
has made the problem a much more precise and limited one. 
In what mysterious way do these compounds react with 
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living protoplasm so as to make it 'wild and uncontrollable ? 
No doubt tbis will prove a difficult enough question ; but 
it does suggest new lines of attack, lines wbicb are all the 
more promising because they can be interpreted in terms 
of molecular structure. 

Of course it does not foUow from the discovery of the 
cancer-producing substances that all cancer is due to the 
presence of these. There may perhaps be more than one 
cause of cancer. There are, however, two important facts 
which workers in this field have not been slow to cormect 
together. One is the clinical fact that one of the most 
common sites for the development of cancer is in an organ, 
the mammary gland, subject normally to frequent stimula- 
tion by the sex hormones. The second fact is the close 
relationship between the chemical structure of the 
highly active cancer-producing compound, methyl cholan- 
threne, and the sex hormones. The natural suggestion 
is that for some reason or another the sex hormones, or 
one of their precursors or by-products, is occasionally 
converted in the tissue by accident into one of the cancer 
producing compounds. Of course, this line of thought is 
speculative, but some support for it may be found in the 
consideration that the action of oestrogenic substances is 
to encourage the growth and proliferation of those tissues 
on which they act, and such a proliferation has points of 
resemblance to tumour growth. Indeed, several cancer- 
producing compounds have a definite oestrogenic action. 
The two efiects are evidently related, so that a shght altera- 
tion of a compound which normally has the one action 
might easily convert it into one having the other. 

These examples of chemical adaptation— the purines and 
pyrimidines the porphyrins, including chlorophyll and 
hsemoglobin, and the sterols and sex hormone group — -are 
far from exhausting the whole field, but they are sufficient 
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to illustrate tlie principle that the same structure can 
appear under various modifications serving many different 
uses. The question inevitably arises in our minds as to 
how this state of affairs has come about. Have hsemo- 
globin and chlorophyll, for example, been independently 
discovered by animals and plants respectively ? Or are 
they both derived from a common and probably simpler 
parent substance which came into existence in some very 
early type of life, perhaps some simple cytochrome required 
in the metabohsm of primitive protoplasm 1 
It would be unwise to be dogmatic on such a question 
as this, but we can guess that independent invention of the 
same fundamental chemical pattern in different modifica- 
tions is an unlikely contingency. If we examine a bat’s 
wing, a horse’s foreleg, a seal’s flapper, and a human arm, 
and we reahse that all these structures are fundamentally 
similar, we conclude that they are aU derived from some 
prototype, modified in different ways so as to suit the 
various species and meet their particular needs. It is not 
difficult to believe that a somewhat analogous process of 
adaptation, this time of substances previously existing in 
the hving cell, accounts for the appearance of the same 
chemical structure in so many different places and in so 
many difierent capacities. We are, of course, fanuhar 
enough with the idea in everyday life. When rubber was 
first discovered its uses were limited. With the invention 
of vulcanisation it was found possible to employ it in an 
ever-widening range of apphcations — ^in the home, in 
industry, in medicine, and in sport. And, as new needs 
have developed, new methods have been found of treating 
the crude rubber and of modifying the products, so that the 
material in its final state, whilst still fundamentally rubber, 
has various forms each adapted to some special need. And 
so we have highly elastic rubber for bands and balloons, 
tough, hard-wearing rubber for soles and tyres, “ aerated ” 
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rubber for pillows and sponges, rubber in tbe form of solu- 
tions for effecting repairs, as well as compositions containing 
rubber such as are used for insulating materials. As the 
need arises for a new t37pe of material, research, is undertaken 
with the object of pro-\dding it, and so as time goes on tbe 
old substance appears under new forms. 

There is a continual interaction between a human com- 
munity and the material resources at its disposal. The 
detailed development of the society is in some measure 
dependent on these material resources — a country without 
coal could never develop as England did in the nineteenth 
century — and at the same time the particular forms in which 
these resources are utilised depends on the conditions 
prevalent in that community. 

Perhaps we may imagine the situation to have been some- 
what similar in the case of the development of hving 
organisms. We may picture the sex hormones, for 
example, not as a group of compounds created specially 
for the regulation of reproductive function, but as originally 
by-products in the metabolism of the natural sterols. The 
structure of the tissues of the organism, then, perhaps 
adapted itself so as to become sensitive to the presence of 
these compounds — the tissues found they could make use 
of them — and, by a gradual process of mutual modification 
and mutual adaptation, the whole complex mechanism of 
hormonal control has developed. 

Si m i l ar considerations apply to the two other types of 
molecular pattern which we have discussed, and hving 
organisms as we now know them would be quite imable 
to survive without these classes of compotmds. They have 
become the faithful servants of hving matter, humble but 
versatile, and for that reason indispensable. 
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STABLE AXD UNSTABLE STATES 

Everybody at some time or another must have come 
across one of those funny little toy men that resist all 
attempts to knock them off their balance. He may look 
quite unstable, but give him a knock and, though he may 
have been flung almost horizontal, he at once springs up 
again as pleased as Punch at his obvious immunity to all 
the buffets of fortune. If we were to carve a similar figure 
out of wood, we should find that we could not balance it 
even on a smooth, level surface, let alone take liberties with 
it. This wooden model might perhaps be balanced on the 
nose of an expert juggler, but then only in order to evoke 
our admiration of his skill. To keep it upright, he has to 
he constantly on the alert, always moving slightly this way 
and that, ever correcting its perpetual tendency to fall 
away from the vertical “ equilibrium ” position. The 
wooden model, in fact, is unstable when balanced upright ; 
the toy man, on the other hand, would be pointless and 
would never have been made but for his complete 
and imperturbable stability. 

But, of course, the ideas of stability and instability are 
of importance not only in connection with children’s toys 
and conjuring tricks. The question is of extreme signifi- 
cance in all sorts of practical affairs. A ship that cannot 
be relied upon to remain floating keel downwards is worse 
than useless. Indeed, ever3rthing to have permanence 
must be in some kind of stable equilibrium— an equilibrium 
which is unstable is for practical purposes not an equili- 
brium at all. The devices which may be adopted for 
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ensixrmg this stability — the lead at the foot of the bobbing 
little man, the three legs of a stool, or the four wheels of a 
car — are interesting, but need not concern us here ; it is 
sufficient if we realise that there are two types of equili- 
brium : in the stable type any disturbance brings into 
play a force which opposes it ; in the unstable there is no 
such automatic correction. 

It is not only with regard to static equilibria that the 
ideas of stability and instability are of importance ; a 
state of motion may also be stable or unstable. The case 
of an aeroplane affords a good illustration ; when flying 
through the air at a constant speed and at a constant 
height, it is in a kind of steady state or “ equilibrium.” 
It is not, iu this case, the position which is constant, but 
the motion. Now many modern aeroplanes will continue 
to fly safely ahead even though the pilot takes his hands 
and feet off the controls. If an accidental gust of wind 
tips the machine over, the construction is such that it 
rights itself automatically. Forces come into play which 
bring it back to its original position. In many of the 
earlier aeroplanes, on the other hand, the situation was 
very different. They were not self-correcting ; if shghtly 
tipped over, they would either continue to overbalance 
until they completely overturned or else they would enter 
upon a series of ever-increasing oscillations which would 
end up in disaster. It was necessary, therefore, for the 
pilot to be constantly correcting the machine, neutralising 
deliberately any small deviations from equilibrium. The 
steady state of motion was unstable and correction of 
disturbance was not automatic. 

From the practical point of view, the question of the 
stability of a steady state of motion is often of great 
importance. The motor car which at high speed develops 
a skid would not be nearly so dangerous if the skid quickly 
died out and the car returned automatically to its original 
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course. But, as we all know, when the car is moving fast 
skids must be deliberately corrected. The state of motion 
is in this respect unstable. A gramophone motor, con- 
trolled as it is by a governor, is a good example of a stable, 
steady motion. If by accident the motor is slightly slowed 
down, the mechanism so operates that the motor accelerates 
to its original rate. 

The idea of steady motion may readily be extended so 
as to include all kinds of processes and activities, as well 
as simple mechanical movement. Thus, for example, the 
whole of our economic system may be regarded as a process 
which in an ideal community would settle down into a 
kind of steady state. Small disturbances are bound 
to occur ; for example, there may be a slight over- 
production leading to a fall in the level of prices. What 
actually happens is that this leads the producers to try to 
make up for their decreased profits by producing still larger 
amounts ; but this floods the market to an ever-increasing 
extent and prices fall more and more. 'Where is this 
process to end ? If there were no effective reaction it 
would be evidently only a question of time before the 
whole industrial system broke down. It would be ideal if 
the disturbance automatically brought into play a quick* 
acting restoring force which rapidly neutralised the original 
disturbance — ^just as the regulator of a thermostat switches 
on the heat whenever the thermometer drops. But an 
efficient economic thermostat is yet to be found, though 
the various experiments in “ planned economy ” so much 
talked of in recent years may point the way. What 
actually happens, as we know to our cost, is that although 
a reaction does set in, it comes late and is then too large : 
the speed of the economic machine does not merety return 
to normal but goes beyond, so we have the phenomena of 
alternate booms and depressions, with the threat of serious 
collapse always in the background. 
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TKe notion of stability is clearly of very wide application. 
2^0 system is likely to remain for long in existence unless it 
is a stable one. In other words, it must respond to the 
disturbances, to which it is sure to be subjected, by re- 
actions which bring it back to its original state — or at 
least prevent it debating very far from it. These reactions 
may be purely automatic, in the sense that they are the 
necessary consequence of the structure of the system, as 
in the case of the bobbing man, or they may be generated 
by some special mechanism not really an essential part of 
the main structure, like the governor on an engine or the 
central organisation of the “ planned economy ” State. 
Sometimes the compensation may not be quite complete, 
as in a thermostat, the temperature of which usually falls 
a little when the outside air is very cold. But these various 
types of regulating and stabilisiag mechanisms, though 
infinitely varied in structure and mode of operation, all 
serve the same general purpose. They secure the continued 
existence of the obj ect or state or process which they control. 
Indeed, anything which has lasted a long time, especially 
anything of a delicate and complicated construction, is 
presumably so constituted that its stability is ensured. It 
must either be inherently stable, like a stone lying flat on 
the ground, or it must be fitted with some sort of stabilising 
mechanism analogous to the gyroscopic control of a 
torpedo. 

These considerations apply with especial force to living 
things. The various forms of animals and plants which 
exist in nature at the present day are just those which 
have managed to survive. Here the problem has a double 
aspect. We may consider either the individual animals 
and plants — which to ensure survival must be able to 
react to injury or disease or other disturbances so quickly 
as to neutralise their effects before any lasting damage has 
been done — or the species, which to ensure racial survival 
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must also be stable. The individual at tbe best bas a 
relatively short life ; it is only for tbe race or species 
that even a relative immortality is possible. 

Let us first of all, tben,^ consider tbe problem of stability 
in relation to species. We know from tbe geological 
record that there are some species — or at least genera — 
which have survived almost unchanged for hundreds of 
millions of years. Others are of much more recent origin. 
Again, we know that many species which once flourished 
have now become extinct. Each species is constantly 
interacting with its environment — the latter in large 
measure consisting of the other species of animals and 
plants with which it finds itself in association. If over a 
long period the external conditions, such as the climate, 
remain constant, then we should expect that all these 
various species in course of time would settle down into a 
condition of stable equilibrium. Any inherently unstable 
species would be weeded out. Small fluctuations might 
no doubt continue to occur, but no permanent change. 

Of course, the equilibria which thus establish themselves 
in the biological world are rarely if ever absolutely steady 
states. Constantly minor fluctuations are going on : each 
species fluctuates in its numbers from season to season and 
even from year to year, whilst occasionally there is some- 
thing approaching a large-scale periodicity, as in the 
famous case of the Norwegian lemmings, which every 
fourth year or so seem to suffer an acute crisis of over- 
population, solved only by the self-immolation of large 
numbers of these animals by marching m masse into the 
sea. Taken over a long period, however, the minor varia- 
tions may be neglected, and apart from disturbances 
introduced by some novel and peculiar agency, such as the 
activity of man, the normal course is for nature to settle 
down into an equilibrium condition. 

Every species is highly dependent on many others. 
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Animals are dependent on plants and other animals for 
their food, plants are dependent on animals often for cross- 
fertilisation or perhaps for keeping in abeyance some 
inimical parasite. So the equilibrium as a 'whole is a very 
complex one and in its details there is infinite variety. 
Infectious and parasitic diseases may be regarded as 
particular cases of this interplay of species, the disease 
organism and its •sdctim ultimately settling do'wn into a 
state of equilibrium to'wards each other. In an animal com- 
munity, for example, it 'will usually be fotmd that certain 
infectious diseases are always present. Thus rabies is 
endemic, that is to say, always present, among the canine 
and human populations of India ; an alarmingly large 
proportion of our o'wn domestic cattle suffer from tuber- 
culosis ; whilst everyone knows the dangers associated 
with the drinking of goat’s milk in those countries where 
that animal is liable to suSer from Malta fever. In all these 
cases the disease goes on from year to year, fluctuating 
perhaps in intensity, but sho'wing no violent deviations. 
A steady state of disease has been established which in the 
absence of external changes, such as an anti-tuberculosis 
campaign by man, will be a permanent feature of the 
community. 

In practice we often find severe epidemics superimposed 
on a relatively steady endemic state. Thus plague is 
endemic in many parts of the East, yet there have occurred 
from time to time epidemic outbreaks, often of disastrous 
severity. No distinct line can be drawn between these 
major outbreaks and the minor fluctuations which almost 
ine'vitably disturb the even flow of any uniform process of 
disease ; the difference is a quantitative one, and the 
factors involved are numerous and difibcult to evaluate. 
But ■with the development of experimental epidemiology on 
the one hand— a good beginning has already been made by 
Greenwood, Topley, and their collaborators with their 
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work on mice epidemics during tie past ten years at tie 
London Sctool of Hygiene and Tropical Medicine —and tie 
development of a matiematical tieory of tie incidence of 
disease in communities on tie otier, a deeper insigit into 
tiese problems of iuman and animal diseases may in due 
course be expected. 

But tiere is one exception to tie general principle tiat 
any state wiici ias lasted for a long time is necessarily a 
stable one. True, tie exception, tiougi common enougi 
in practice, is of ratier a curious type; some migit 
question wietier it is reaUy an exception at all. Let us, 
for example, imagine an isolated oceanic island iniabited 
by a race susceptible to, let us say, smaU-pox, but actually 
quite free from tie disease. Tie population on tie island 
wiU iave settled down to an equiibrium state wiici will 
be perfectly stable as long as tie island remains isolated. 
But let us suppose tiat a few cases of small-pox accidentally 
reaci tie island. Tien one of two tiings may iappen. 
Eitier tie population may be so scattered tiat tie ciance 
of infection of iealtiy persons may be smaller tian tie 
ciances of death or recovery of those who are ill, so tiat tie 
disease may die out in a relatively short time ; or tie 
ciance of contagion may be so great tiat tie disease 
spreads and a substantial proportion of tie whole popula- 
tion becomes infected with tie disease, wiici then remains 
endemic in tie community. In tie first case tie disease- 
free state was really a stable one ; in tie second, it was 
essentially unstable, but nevertheless persisted as long as 
tie virus was rigorously excluded. 

Tie case just considered is an artificially simple one, but 
it does represent a situation wiici undoubtedly occurs in 
practice in more compicated forms. Our knowledge of 
diseases is, of course, most complete in tie case of those 
wiici afiect iuman beings. A considerable amoimt is also 
known of tie common diseases of domestic animals, but 
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inucli less about those which affect other species. Now 
the conditions of life of man and his domestic animals are 
highly artificial and complex, and so there are usually 
many factors of varying degrees of importance which deter- 
mine the prevalence and deadhness of a disease. However, 
in spite of these comphcations it is not difficult to point to 
examples which illustrate the existence of unstable states 
of the kind that we have just described. There are cases 
on record of native tribes, for example among the Indians 
of Canada, where tuberculosis was entirely unknown until 
it was introduced by the white man. Immediately, the 
disease spread rapidly, and soon the tribes were decimated. 
The original unstable equilibrium was disturbed and so 
disaster ensued. 

Again, we all know how great are the precautions which 
must be taken if foot-and-mouth disease is not to be 
allowed to obtain a foothold in Britain. Once estabhshed, 
this disease would sweep throughout the cormtry hke wild- 
fire, causing enormous losses to the farming community. 
Evidently with respect to foot-and-mouth disease virus, 
our population of sheep, cattle, and pigs is in a highly 
unstable condition. The Ministry of Agriculture acts in 
this connection somewhat like the governor of an engine, 
inducing reactions which stamp out any threatened 
epidemic and restore the original disease-free state. In 
the old days an outbreak of plague or smaU-pox tended to 
spread throughout the community. At the present time, 
thanks to our changed habits of life, to vaccination, and to 
the various measures which have been introduced for the 
improvement of pubhc health, these diseases are no longer 
the same deadly threat ; if by any chance one or two 
cases occur, the probability of the disease spreading is so 
small that the outbreak quickly comes to an end. 

The question may be asked why persistent unstable 
states are ever found in nature at all. In cases such as 

281 



STABLE AND UNSTABLE STATES 

that of the American Indians, the answer is clearly that 
the germ of the disease had never previously been intro- 
duced. But it is only by some strange chance that any 
community, however isolated, could have escaped esposure 
to infection for an indeiinite len^h of time. In some cases 
of persistent unstable states it is likely that the condition 
now unstable was once a stable one. In any conomunity 
various factors tend always to be changing ; a change in 
habits as regards diet and housing may exercise a decisive 
efiect on the infectivity of some disease by altering either 
the general resistance of the hosts or the closeness of 
contact between the infected and the uninfected. Often 
these changes take place gradually and pass almost un- 
noticed. The result may be that a community originally 
in stable equilibrium may suddenly wake up to find itself 
in a quite unstable condition, liable to be devastated by 
an epidemic of, say, influenza or tuberculosis, should the 
infection be accidentally introduced. 

But it is not only with respect to disease that instability 
may develop in a community. The whole process of 
civilised life is really a delicately balanced equilibrium. 
We have already seen how a civilised society may be 
economicaEy unstable. Even more important is the 
question of the stabihty of the life of the community as a 
whole. In considering this wide question it is not possible 
to keep separate the biological and economic aspects. The 
standard of life of the society, its social and economic 
structure, afiect the fundamental biological processes. 

The health of the community, the death rate and the 
birth rate, are intimately connected with social and economic 
conditions. We all know how both deaths and births tend 
to become rarer in the Western world as the standard of 
life goes up. The faU in the death rate is natural , one 
would expect, however, that in a less sophisticated society 
wealth and abundance would be followed by high fertihty. 

282 



STABLE AND UNSTABLE STATES 

In an ordinary animal community rapid multiplication is 
the usual response to an abundant food supply. It is 
evident, however, that in the case of man under the present 
social order with which we are familiar the usual reaction 
does not occur. Even in cotmtries such as Japan, so 
different in many ways from the countries of North- 
western Europe, one of the results of the process of 
“ Westernisation ” has been a definite fall of the birth rate. 
The deep-seated nature of the forces which are producing 
these results is shown by the fact that they seem to defy 
all attempts to neutralise them. In Italy, as the standard 
of living rises, the birth rate continues to faU, in spite of 
the combined efforts of Signor Mussolini and the Roman 
Catholic Church. 

Whatever may be the real explanation of this paradoxical 
relation between the standard of fife and the birth rate, it 
is undeniable that it is an effect of great import. If the 
birth rate falls below the death rate — and it already seems 
inevitable that it will soon do so m the countries of North- 
western Europe — then the continued existence of the 
community is threatened. It almost looks as if the 
individualistic stratified society, which in the eighteenth 
and nineteenth centuries appeared so natural and so stable, 
contained within it the seeds of its own decay, as if it were 
essentially an unstable form of organisation. 

However, it is not only in respect of numbers that the 
community may become unstable ; the population may 
also alter in quality, and a collapse in this respect is equally 
likely to prove fatal. If, other things beiug equal, the 
fertility of small men were greater than that of tall men, then 
we know the average height of the population would decrease. 
Now there is every reason to believe that what is true of a 
physical quality such as height also holds of mental and 
moral qualities. Thus if those who possess intelligence or 
prudence or courage are less fertile, other things being 
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equal, than tlieir''neiglibours wlio”lack these qualities, then 
these will gradually become rarer and rarer. 

Now in the more primitive communities the conditions 
are usually such that the virtues essential for that form of 
society ensure the fertility of those who possess them. In 
a warrior tribe, for instance, the most courageous get the 
largest number of wives and so are likely to have most 
children. But in modern civilisation the important civic 
virtues, respect for law, prudence, foresight, are in no way 
likely to lead to large families on the part of their possessors. 
Indeed, under modern conditions it would seem that, other 
things being equal, it is the careless and improvident who 
are likely to be most prohfic. If this is so, we may expect 
the character of the population gradually to alter, and in 
such a sense as to become less prudent and less self- 
restrained. 

This might be a good thing ; it is dangerous to be 
dogmatic on such matters. It is more likely, however, 
that such a change would threaten the whole fabric of the 
highly complex and artificial communities in which we 
now five. Industry, government, pubhc health — all these 
are maintained only by careful foresight and scrupulous 
attention to detail. Once these essential moral qualities 
in the population are lacking, the whole social structure 
may disintegrate. Is this form of instability not perhaps 
our greatest threat to-day ? 

The idea that particular forms of social organisation 
may be but transitory stages in human evolution is no 
new one. The panorama of history, with its succession of 
civilisations, Egypt and Babylon, Greece and Kome, each 
rising to power and glory only to fade away in disinte- 
gration and decay — ^forcibly emphasises the instabihty of 
the more complex types of human civilisation. We may 
contrast with them the permanence of the organised 
societies of more primitive organisms, such as bees or ants. 
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Generation after generation these communities go on \vitiL- 
out change ; the individuals are different yet the organisa- 
tion remains the same. But this stability is achieved only 
at a cost — these insect communities are necessarily in- 
flexible in their form, frozen and inadaptable. The rest- 
less energy of the human race, with its inflnite variety and 
almost boundless possibihties of progress, is perhaps prefer- 
able, after all, to the stable stagnation of the ant-hill. 

It is not only in connection with species and communities 
that the problem of stabihty is met with ; it is also of the 
greatest importance in relation to the individual organism. 
The animal or plant is constantly subjected to disturbing 
factors, which are ever buffeting it about more or less 
violently. If the disturbance threatens to result in the 
paralysis of some of its essential functions, then its very 
existence is at stake. To such disturbances, then, it must 
react by prompt and efficient means. Let us consider a 
few examples which illustrate this general principle. 

We have all suffered from a common cold. We know 
how the attack is frequently heralded by sneezing and 
shivering ; how this is followed by running at the nose and 
eyes with perhaps a headache and a high temperature ; 
how these symptoms gradually disappear, to be followed 
by a stage during which we discharge a thick, unpleasant 
mucus from our nose or cough it up from our air passages. 
But in a few days this likewise passes away, and so we 
return again to our normal state, none the worse for our 
chill. The body has reacted vigorously and successfully 
to the infection. We were unpleasantly conscious of the 
disturbed conditions while they lasted, but we had early 
mobilised our forces to oppose the invading germs and 
soon had routed them completely. Evidently in respect 
of such a disturbance our equilibrium was a stable one. 

But it does not always happen so. Sometimes the 
results of the battle are indecisive, or the invaders may even 
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win. Infection may spread down our windpipe and into 
our lungs. Pneumonia develops. Our body then mobilises 
its forces for a much more serious and critical struggle. 
Perhaps it may manage to save the situation, but it may 
fail. The invaders are then supreme, and the forces at the 
disposal of the body crumple up. 

The disease of diabetes affords another good illustration 
of how an overstramed regulatory mechanism may break 
down, and incidentally how medical science may step in and 
help to re-establish the equilibrium. Diabetes is due in most 
cases to a failure of the organ known as the pancreas 
(Pig. 34) to produce sufficient insulin, a substance which 
encourages the tissues to use and store sugar, and is pro- 
duced by the pancreas in extra quantity whenever there is 
an excess of sugar in the blood, as for example after a 
heavy meal. In a healthy individual the pancreas acts as 
a regulating mechanism, adjusting the consumption of 
sugar to the supply. Without insulin, the tissues are 
unable to make use of sugar, one of their chief som'ces of 
energy, and so the whole economy of the body is seriously 
distmbed. The accumulation of sugar in the blood and 
its excretion in the urine naturally follow. With all this 
sugar waiting to be consumed, the already enfeebled 
pancreas does its best. Indeed, it works itself literally to 
death. It can take no rest ; it becomes more and more 
fatigued and its power to produce insulin dwindles away. 
The symptoms of the disease become increasingly more 
serious, and in the absence of treatment collapse and death 
is the almost inevitable result. 

In a disease such as this the obvious thing to do is to 
discover some method of breaking the vicious circle. 
Sugar, the normal food of the tissues, is here worse than 
useless ; it is almost a poison, hastening the deterioration 
of the pancreas which was the original cause of the disease. 
Evidently, then, the excess of sugar in the blood and organs 
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must at all costs be reduced. Foods whicb contain sugar 
or which, readily give rise to it might be rigidly excluded 
from the diet. The energy requirements would then have 
to be satisfied as far as possible at the expense of fats. 
But here we find ourselves in serious difficulties. Proteins, 
as we have seen, are quite indispensable for continued 
healthy existence ; but such is the disturbance occasioned 
by the absence of insulin that not only is sugar not 
utilised but the wheels are, as it were, reversed and proteins 
are in part converted into sugar. Thus, even if the 
diabetic could be put on a diet quite free from carbo- 
hydrate, the perverted organism would insist on manu- 
facturing the unwanted sugar. But that is not the worst. 
For some obscure reason the metabohsm even of fat goes 
wrong tmless there is sufficient carbohydrate in the diet 
and unless this is being utilised with the help of insulin in 
the normal way. Although in the old days the best that 
could be done was to reduce the carbohydrate intake and 
increase the proportion of fat, the result was an imcom- 
fortable compromise, only to be tolerated because nothing 
better was available. 

But in diabetes, as in a number of other diseases, our 
close family kinship with the lower animals has been our 
salvation. Being not very distant cousins of the cow and 
sheep we are constructed on very similar lines. Our 
physiology, like our anatomy, is really very analogous to 
that of the lower animals. The insulin in the pancreas of 
a domestic animal killed in the slaughter-house is indis- 
tinguishable from the insulin produced in our own bodies. 
Obviously, then, all that is required in order to treat and 
control human diabetes is to extract the insulin from the 
sweetbreads of dead cows and sheep and pigs, and get it 
in a form suitable for administration to human beings. 

Of course this was not, in practice, nearly as simple as it 
looks on paper. It required many years of elaborate 
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researcL. work on tke aetiology of diabetes, and then tbe 
final triumphal achievement of Banting, Macleod, and 
their colleagues in Toronto, before treatment with animal 
insulin became a practical method. However, insulin is 
now a commercial product and the essential deficiency in 
diabetes can be made good. When administered to the 
patient, usually by injection under the skin, it enables the 
tissues of the body to deal with sugar in the normal way. 
The exhausted pancreas is given a respite and the process 
of deterioration held up. Indeed, it may even begin to 
recover and gradually regain a substantial portion of its 
normal activity. Consequently it is often possible gradually 
to reduce the dose of insulin, and sometimes ultimately 
even to dispense with it altogether. The vicious circle has 
been broken and equilibrium has been restored. 

The disturbances to which the cells of the body are 
subjected m the course of a disease such as pneumonia or 
diabetes are of a gross and obvious kind. Death only 
occurs as the climax of a series of quite drastic changes. 
In respect of certain environmental factors, however, the 
living cell is much more fastidious, and even minute 
changes of these may result in a grave derangement of 
function. We have already seen in another connection 
how important it is that the fluid in which a tissue 
is bathed should retain its proper concentration of salt. 
How just as important as the salt content of the tissue 
fluids is their reaction ; they must be neither too acid nor 
too alkaline, but just at the correct point. In the case of 
the blood, this correct condition is one of very slight 
alkalinity. A quite small departure of the reaction from 
this point is very serious, and for this reason the blood 
and other body fluids are equipped with stabilising devices. 

Recall once more our little toy man, who, when he was 
pushed from the vertical, endeavoured to return to his 
original position. We may give the reaction of the blood 
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a push by adding to it a few drops of acid. In the case of 
pure water this would result in the development of a 
markedly acid reaction — ^pure water is in a very unstable 
equilibrium as regards its reaction ; but unless the acid is 
very strong indeed the blood will be hardly affected. 
Unlike pure water, it replies to the push ; it resembles the 
toy which bobs back to its original state, or very nearly 
to it. In respect of reaction, the equilibrium of the blood 
is a very stable one. 

This property of most biological fluids and tissues and 
certain artificial solutions to resist attempts to alter their 
acidity or alkalinity is now recognised as of very great 
importance ; we speak of such a fluid as being highly 
“ buffered.” The use of this term suggests that the action of 
such a solution is somewhat similar to that of the buffers 
at a railway terminus, and indeed the analogy is quite a 
fair one. The cushion-like effect of the springs takes up 
the violence of the impact ; but in the solution there are 
no mechanical springs, mstead it contains certain dissolved 
substances which bring about the effect. For example, 
if we take a solution containing both sodium acetate 
and acetic acid, the addition to it of a little hydrochloric 
acid will convert some of the sodium acetate into acetic 
acid, a small quantity of sodium chloride being also 
formed. The latter has no effect on the reaction, and the 
acetic acid, being a very much weaker acid than the 
hydrochloric acid which was added, produces only a very 
slight disturbance. Thus the acidifying power of the 
hydrochloric acid is very much less when it is added to 
such a solution than when added to pure water. In a 
similar way, the effect of the addition of sodium hydroxide 
is also reduced ; in this case, a little acetic acid is converted 
into sodium acetate. 

In the blood the system is considerably more compli- 
cated. Sodium bicarbonate plays roughly the same part 
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as tlie acetate in the above example, and it is even more 
effective as a buffer, because tbe weak carbonic acid pro- 
duced can be eliminated as tbe gas carbon dioxide and so 
still further lessen the effect of the added acid. But the 
prettiest trick is still to come. The heemoglobin in the 
blood, as every schoolboy knows, combines with oxygen. 
As the blood passes through the lungs it forms oxyhaemo- 
globin, which gives up its oxygen when the blood again 
reaches the tissues. Now both these compounds are 
weak acids, but hemoglobin is much the weaker of the 
two and its salts are therefore more alkaline. When 
oxyhemoglobin gives up its oxygen to the tissues, there- 
fore, the blood tends on this accormt to become more 
alkaline — at the very 'point where the carbon dioxide coming 
in is tending to make the blood acid. Conversely, in the 
lungs, the haemoglobin, by combining with oxygen, tends 
to make the blood less alkahne and so compensates for 
the loss of carbon dioxide. Thus in producing hsemoglobia 
nature has contrived to HU two birds with one stone; 
for this compound is not only speciaUy adapted for the 
carriage of oxygen, it also facilitates the easy transfer 
of carbon dioxide in the opposite direction. By such 
means an exceedingly stable equilibrium is maintained 
in spite of the severely disturbing factors to which the 
reaction of the blood is subjected. In the absence of 
buffering, the large quantity of carbon dioxide which the 
blood must carry from our tissues to out lungs would itself 
be sufficient to alter the reaction to one of definite acidity, 
whilst the lactic acid produced during exercise would 
completely upset most of the activities of hving tissue. 

The course of evolution has in general been marked by 
increased complexity in the structure and function of the 
individual, and at the same time increased stability in 
respect of outside disturbances. The more complicated 
and ingenious the machine, the more easily is it damaged 
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by being knocked about and the more necessary it is to 
protect it from all deleterious influences. Now in con- 
nection with, any pbysico-chemical system, one of the 
most important factors is temperature. It is not surprising 
that it is the highest types of animals, the birds, the 
marsupials, and the mammals, that have developed the 
power of regulating their own body temperatures. The 
cold-blooded animals are in this respect at the mercy of 
their environment. Their temperature varies with that of 
their surroundings, being but slightly higher in consequence 
of their relatively low rate of heat production. In the 
warm-blooded animals the body temperature remains 
almost constant — so much so, indeed, that a rise above 
normal of only a couple of degrees is sufficient to alarm 
the doctor. This extremely stable poise of body tempera- 
ture obviously implies a very delicate regulating mechanism. 
The disturbances which might be expected to afiect the 
temperature are often of very great magnitude. A man 
may find himself in Khartoum at a temperature of over 
100° F. or in a Siberian winter with over sixty degrees of 
frost. It is clear that even with the advantages ofiered 
by the power of varying the amount of clothing — ^and 
other animals, it must be remembered, do not possess 
even this — ^the preservation of an almost uniform tempera- 
ture imphes a control or governor-mechanism of a very 
efficient type. Some of the devices which form part of 
this mechanism are familiar to us aU. 

In very hot weather or after violent exercise we sweat in 
order to get rid of heat in the form of the “ latent ” heat 
required to evaporate water — sweat which drops or is 
wiped off is wasted efiort. In very cold weather, on the 
other hand, we shiver — ^nature’s object here is to produce 
extra heat by the activity of the muscles. The details of 
these temperature-regulating processes are stfll in some 
respects obscure. There is a centre in the brain, the heat 
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centre, whicli acts as a kind of master control and co- 
ordinates tke various special devices. The body may be 
likened to an accurate thermostat and the heat centre to 
the thermometer which controls the works. 

These are but one or two examples which bring out the 
importance of stabihty, both of form and of function, for 
the living organism. Eor the individual, as for the com- 
munity or species, instability means death. But all living 
things must die ; the individual cells of our bodies develop 
and function, but sooner or later become inefficient and 
senile, and are ultimately replaced by younger and more 
vigorous ones. Their stability is only relative; the 
adverse influences ultimately triumph, and the cells dis- 
integrate into the dust — and gas — out of which they are 
made. And so it is, too, with individual a,niinalR a.Tid 
plants. Like the cells of which they are composed, they 
grow up, play their little part on the stage of life, and then 
inevitably die. All their efforts to stabihse themselves as 
mechanical systems have met with only partial success. 
Immortality is still the perquisite only of the Gods. Or 
should we regard the species as possibly an exception? 
Certain it is that some species have continued through long 
periods of geological time with but little change. Shells 
of Lingula are found in rocks laid down over five hundred 
million years ago and they are indistinguishable from 
shells still found abundantly round our coasts. In the 
case of bacteria and unicellular organisms in general the 
survival of the species implies the virtual continued exist- 
ence of individuals and perhaps in the same sense we must 
regard the germ cells of the higher animals and plants, 
the ova and spermatozoa, as immortal— at least as far as 
the species is immortal. In all these oases, it is clear, the 
struggle for stabihty has met with striking success. 

Of course there are no grounds for assuming that any 
species, however stable it may seem to be, wih go on for 
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ever. Many have already died out ; whole families and 
even orders of animals and plants which at one time 
flourished abundantly on earth have become extinct and 
are known only by a fossil skeleton or the carbonised 
impression of a leaf or a stem. Indeed, of all the numerous 
species which have come into existence, by far the largest 
number have already succumbed to the forces of dis- 
integration, from without or within. Whether all species 
will ultimately meet with the same fate, whether life itself 
will ultimately vanish from the earth — ^it would be rash to 
be dogmatic on such questions. It is true we must con- 
template a world which in the very distant future is likely 
to become ever colder and colder, until with the gradual 
decay of the sun as a source of light and heat the continents 
and the oceans and even the air itself have frozen into the 
semblance of perpetual death. But against this we must 
put the fact that as hfe develops and becomes more com- 
plex it can become more and more independent of the 
environment. In man, we see this independence at the 
highest point so far realised. Civflisation and human 
progress may indeed be regarded as the conquest by man 
of his environment and the attainment of control over his 
own destiny. The extreme adaptability of man, coupled 
with his dehberate control over his circumstances, give him 
unprecedented advantages in the struggle for survival. 
Can anyone, then, predict with certainty what man’s 
ultimate fate will be — whether the species will collapse 
from internal decay or be overwhelmed by the force of 
irresistible circumstances from without, or whether it may 
not adapt itself and its environment to meet new conditions 
as they arise, and so perhaps achieve immortahty ? 
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NO-MAN’S-LAND 

In the days of the scholastic philosophers much time is 
said to have been spent and much mental energy used up 
in trying to answer the question, What is the smallest 
possible number of grains which would make a heap ? 
Everyone would agree that a thousand grains would do so 
and that two grains would certainly not. The number 
was therefore greater than two and less than a thousand, 
what then is it ? Of course, it is quite obvious that a 
definite answer is not possible, for the very notion of a 
heap involves a certain lack of precision in regard to the 
numerical definition of its lower limit. The question, in 
fact, does not possess any definite answer and any attempt 
to arrive at a precise number can only lead to fruitless 
discussion and futile argument. 

The question of the number of grains in a heap may seem 
to us a trivial one, but the point involved, the realisation 
that every question, even though grammatically correct 
and logically significant, has not necessarily an answer, 
is really a very important one. We have already seen in 
Chapter III how important is the bearing of this observa- 
tion on the modern developments of physics. Until quite 
recently no one doubted but that it was entirely permissible 
to enquire what was the position and what was the velocity 
of any particle. They assumed that these data existed 
even though not actually known, and so Newtonian dyna- 
mics started of! by assuming that every particle possessed 
both position and velocity. We know now that this is all 
wrong ; but the path to the realisation of the true state 
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of affairs has been a long and difficult one, and it took 
almost a generation of very perplexed physicists to see 
that they had been maldng the mistake of the old philo- 
sophers ; they had assumed that a simple question 
necessarily possessed a simple answer. 

But how are we to know whether any particular question 
is answerable or not ? It is not easy to give a concise 
general reply to this enquiry : one reason for the difficulty 
is that the “ unanswerableness ” of a question may not 
always be due to the same cause. The question may have 
no real meaning because the definitions of the words em- 
ployed in putting it are not consistent with the question 
having any answer. Thus the definition of a heap is “ A 
pile or mass heaved or thrown together,” and there is clearly 
no smallest number which can be so thrown together. 

It should be noticed that, as in many similar cases, a 
slight difference in the wording of the sentence may result 
in an entirely satisfactory question. If we ask, for 
example, for a number such that any heap must contain 
a greater number of grains, a perfectly good answer can 
be given ; the number 2 would meet the case. 

As to the position and velocity of a particle, there does 
not seem to be any logical reason why the question should 
have no definite answer. In the case of particles of 
ordinary size, position and velocity seem to be capable of 
very exact measurement, at least relatively to other 
material bodies. The difficulty arises when we extra- 
polate : when we assume that what has meaning in relation 
to millions of elementary particles continues to have 
meaning for a single one ; that what holds in one region 
of our scale of magnitudes (Chapter I) holds equally well 
for every other region. It is clearly a fallacy to assume that 
because we call our fundamental entities “ particles ” they 
possess the attributes of ordinary particles, such as sand 
grains or lead shot. The lesson of Modern Physics would 
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seem to be clear, tbat we can only be certain that any 
object has some particular character when that character 
has actually been observed. In other words, the proof of 
the pudding is in the eating. If, on the other hand, the 
attempt to answer some question, or even the assumption 
that some question has a definite answer, leads to in- 
consistencies, then it is time to suspect that the question 
is really meaningless. Perhaps the error involved is only 
a slight one, perhaps only a minor change in the form of 
the question is required. Possibly we may have been 
searching for a precise answer where only a slightly vague 
or blurred one is feasible : exact answers, as we have 
seen, rarely or never exist. 

If these subtle traps, these questions without meaning 
and problems without solutions, are met with in the 
relatively simple sphere of the inanimate world, how much 
more must we be on our guard against similar snares when 
we are thinking about the deeper problems of life and 
consciousness, and the relation of the living to the dead. 
It is easy to ask questions such as. When did life begin ? 
or. At what instant does death take place ? to which for 
all we know it may be really quite impossible to give a 
precise answer. One cannot, for instance, say that death 
takes place when breathing ceases — many people have 
recovered from drowning, after a few minutes’ immersion, 
when they have not only stopped breathing but actually 
lost all power to resume it spontaneously. Without 
artificial respiration they would undoubtedly have been 
beyond recovery. Even the stoppage of the heart’s beating 
does not necessarily imply death. Surgeons are some- 
times able by suitable heart massage to make a heart begin 
again after it has stopped, as a motor-car engine which 
has stalled will pick up again after a touch of the starter 
or a twist of the handle. In cases where the heart has 
been stopped for some considerable time — even minutes 
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may have elapsed since the last beat — the injection into 
the heart of a small quantity of the drug adrenaline is 
sometimes sufficient to start it off again ; and the patient 
or animal, who may be said to have been dead according 
to all usual criteria, may ultimately recover completely. 
It is of great interest to observe that in dogs, if the stoppage 
of the heart has been too prolonged, say fifteen or thirty 
minutes, even though recovery takes place there may be 
signs that certain important brain centres have been 
permanently damaged during the period when the tissues 
were unable to obtain their usual supplies of oxygen. 
Evidently, though the animal as a whole is certainly not 
dead, the decay of death has already begun. 

Whilst the delicate and important brain cells may give 
evidence of incipient disorganisation even before the body 
as a whole is beyond all power of recovery, there are, on the 
other hand, cells in the body which may go on living long 
after death in the ordinary sense has taken place. 
Indeed, it has been found possible to grow cells outside 
the body altogether, to cultivate them in a suitable 
medium inside a glass flask, just as one cultivates bacteria 
or other micro-organisms. Certain types of cells, especially 
those derived from embryonic tissues and in consequence 
particularly vigorous and adaptable, develop and multiply 
with relative ease, and may be cultivated for long periods 
of time. These cells may go on living long after the 
organism from which they were originally derived is dead. 

These considerations lead us to the conclusion that the 
distinction between the living and the dead is not always 
as clear-cut as we are apt to suppose. Evidently the 
question, At what time exactly did Mr. Tompkins die ? 
does not always have a precise answer. We may know 
that he was alive, say, at twelve noon ; we may also know 
that he was quite definitely dead in the ordinary sense of 
the term, and beyond all hope of recovery, five minutes 

297 



no-man’s-land 


later ; we may reduce tlie period of uncertainty to one 
minute or even to a few seconds by choosing a suitable form 
of death — but the more exact we try to be, the more 
dif6.cult it is to be certain. The difficulties are only in- 
creased if we take into consideration the facts concerning 
the survival of individual cells or groups of cells after the 
death of the body as a whole. Death cannot, in general, 
be localised as occurring at any one particular instant — ■ 
just as the smallest number of grains in a heap is not repre- 
sented by any one definite number. 

We have, then, in time a kind of no-man’s-land separating 
the living from the dead — a land which belongs to both and 
yet belongs properly to neither. It is natural to enqxiire 
next about another transition between living and dead. 
In this case the boundary is notin time, for it is the boundary 
between the things which are living and the inanimate 
objects — sand, water, stones, air — ^which constitute the 
inorganic world. We have seen how as we proceed up our 
diagram of sizes (Fig. 3) we pass from the simple mole- 
cules to proteins and how a branch seems to occur, the 
main limb of the figure containing the inorganic, and the 
side branch the organic things. Where exactly are we to 
locate the root of this side branch of living objects ? What 
is the size and what is the nature of the simplest living 
thing 1 These are questions which, in the light of the 
traps we have already discussed, we should be wary of 
trying to answer. Rather let us enquire what kind of 
things are actually to be found in this borderland region, 
and so form conclusions on the basis of the facts which are 
at present available. 

Let us begin with the simple unicellular organisms — 
amoebse, yeast cells, and similar creatures, mostly of 
approximately the size of a red blood cell, that is to say, 
situated at about point 14 in our scale, although some 
may be substantially larger. These unicellular organisms 
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are completely alive in every sense of tiie word. They 
grow and divide into two, reproducing their lihe ; they 
take in and assimilate food, they have a definite internal 
structure which can be seen under a sufficiently powerful 
microscope, especially if the cell be first suitably stained. 
Some of them are able, within limits, to change their form 
and in this way to move about from spot to spot. 

As we go down the scale we come to one-celled organisms 
of a more curious type, for in the bacteria we seem to have 
simple little rods or spheres of living matter with little or 
no discernible structure (see Plate VIII). Sometimes they 
may have flagellas which enable them to move through 
water, sometimes suitable staining may reveal one or two 
points on the surface which seem to be distinct from the 
rest, as they take on a different colour, but for the most 
part they are too small for even the best microscope to be 
able to distinguish the structure in any detail. Structure 
there must be, for, as we have seen, these minute objects — 
they appear in the region of points 9 to 11 on our scale — 
are often able to perform remarkable feats of chemical 
synthesis. They are able to build up proteins and fats 
and complex carbohydrates from quite simple substances, 
and so it is evident that they must be very highly organised 
factories for the production of just the right compound at 
the right place and time. 

Most of us are apt to think of these remarkable beings 
exclusively in relation to disease. The very words 
“ bacteria ” and “ germs ” suggest to us diphtheria, cholera, 
plague, and similar unpleasant afflictions. So much is 
this the case that there is a tendency to think of bacteriology 
as being primarily medical bacteriology. We are apt to 
forget that medical bacteriology is only a particular applica- 
tion of a much wider science, just as the chemistry of dye- 
stuffs, for instance, is a special branch of organic chemistry. 
The explanation, doubtless, is to be foiind in the extreme 
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importance of tliis brancli of the subject for the •vrell- 
being of th.e buman. race, and in the fact that the earlier 
work on bacteriology was chiefly on the medical side. 
But for every type of bacterium which is the cause 
of a human disease there must be hundreds which are 
harmless to the human or animal organism. These harm- 
less bacteria — non-pathogenic is the correct term — are of 
the most diverse types. Some can live on leather ; others 
can break up cellulose and utilise this unpromising substance 
as food ; others can live in hot springs at temperatures 
near the boiling-point of water. Others have remarkable 
powers of producing pigment — thus, for example, one called 
B. 'jyrodigiosus manufactures a bright red colouring-matter, 
and according to some it was the presence of this bacterium 
that was responsible for the first of the ten plagues of 
Egypt, water turning into blood (Exodus vii. 20). Such 
chromogenic bacteria tend to draw attention to them- 
selves and to be specially studied simply because of the 
colour they produce, but many other less ostentatious 
species prove to be just as remarkable in respect of the feats 
of synthetic chemistry which they can perform. 

The bacteria, then, are not all harmful to man and the 
higher animals ; some appear to be neither our friends 
nor our foes, but quite a number are definitely useful to us. 
Consider, for example, the soil bacteria, without which our 
gardens and fields would be barren wastes. These organ- 
isms fix the nitrogen from the air and convert it into 
ammonium salts and nitrites and nitrates, so that it is 
readily utilisable by the growing plant. They also bring 
about the decay of dead vegetable matter — old roots, 
stems, and leaves — so that the organic substances in these 
are broken down, and the inhospitable soil becomes a rich 
humus as the result of the admixture of organic material. 

Bacteria have been also commandeered by man for his 
own special purposes : one variety he employs to convert 
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alcohol into acetic acid in the preparation of vinegar ; 
another by acting on milk curds helps to make cheese. 
Occasionally the easiest way of obtaining some out-of-the- 
way organic compound is to set a suitable strain of bacteriiun 
manufacturing it for us. No doubt in the future the 
harnessing of these hosts of bacteria and other micro- 
organisms in the service of mankind will proceed much 
further than it has done at the present time. The pioneer 
work in this direction was done in the early times before 
history began to be written, when man first discovered 
that the juice of the grape and certain other plant prepara- 
tions readily underwent fermentation and produced an 
agreeable drink. It is true that the micro-organism in 
this case was not a bacterium but the much larger unicellular 
plant, the yeast, an organism also employed in the making 
of bread. The use of yeast is the earhest known example 
of the domestication of a micro-organism. 

It is only a little more than half a century since the region 
of the bacteria — ^the region between points 9 and 13 on 
our scale — ^began to be explored. When man fihst domesti- 
cated plants and animals, he foimd them very much less 
suited for his purposes than the highly speciahsed and 
carefully selected varieties available at the present day. It 
has taken him hundreds, even thousands of years of selec- 
tion, partly unconscious, partly dehberate, to bring them 
to their present standards. It is likely that with increased 
knowledge of the world of micro-organisms and with 
adequate time for their proper cultivation and selection 
he may be able to train them too to carry out all kinds of 
special tasks : to act as armies of synthetic chemists 
manufacturing the special compounds which he may 
require, just as he at present uses yeast to produce alcohol 
or the acetic acid bacillus to produce vinegar. 

However, up to the present more attention has been 
focused on those micro-organisms which we have regarded 
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as our enemies — the patkogenic organisms — ^than on those 
•vrhich are our potential friends. Fear is sometimes a more 
potent sti m ulus than hope. Besides, as we pass to smaller 
and smaller organisms it becomes increasingly more difficult 
to detect them and to work with them unless they produce 
some obvious efiect, and one very obvious effect is the 
onset of a disease. When we go much below point 10 
on the scale it becomes very difficult to see the objects even 
with the best microscope, and so if they do not produce a 
disease or have some other equally readily detected effect 
they are very likely to escape attention altogether. It is 
true that the range of the microscope may be slightly 
extended by the use of ultra-violet — ^that is, short-wave — 
light, but the technique is difficult and the extension in 
range is not, after all, very great. 

It is not surprising, therefore, that our knowledge of 
organisms below about point 9 on the scale, that is, of 
diameter equal to the wavelength of blue light (400m/i), 
is almost entirely limited to the agents which cause diseases 
in plants or m animals. There is, as we shaU see later, one 
very interesting exception to this general rule. 

These small particles, then, being too minute to be 
observed, even with the help of the most powerful micro- 
scopes, were at first known and detected only by their 
effects — ^the production of disease. They were called 
viruses, and so we speak of the virus of rabies, the virus 
of smallpox, of chickenpox, of measles, and so on. It was 
not found possible to cultivate them on ordinary media, 
like bacteria, and it is not surprising that such small 
bodies should grow only under very special conditions — 
there must be a limit to the smallness of a body sufficiently 
organised to be capable of the elaborate synthetical opera- 
tions necessary for the production of its own substance 
from the components of ordinary bacterial media. That 
such viruses do multiply in the bodies of the animals and 
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plants which they infect is a matter of common, experience. 
Take the case of influenza : an epidemic of this disease 
may begin in a small way and yet sweep throughout the 
whole country, the minute amount of virus by which 
each patient is infected rapidly multiplying in his body 
and rendering him a source of possible infection to an 
almost unlimited number of his fellow citizens. 

More recently it has been foxmd possible to cultivate 
certain viruses outside the body rmder rather special 
conditions. We have referred above to the fact that cells 
and fragments of tissue may be cultivated in test-tubes on 
suitable media. Now it has been found that some viruses 
will grow and multiply in such tissue cultures, each virus, 
of course, requiring its special type of tissue on which 
to grow. So far this manner of crdtivation has not been 
found possible in the case of every virus, but it is probable 
that in those cases in which success has not yet been 
achieved it is only a question of discovering the right 
conditions. 

Viruses, then, can be cultivated in the laboratory, but 
only upon very special media, namely, the appropriate 
hving protoplasm. Their synthetic powers are probably 
very limited and they are more or less parasitic — ^parasitic 
in the same sense as human beings, who have to rely on 
plants for their supply of vitamins and essential amino- 
acids, only rather more so. For ah we know someone 
may some day discover that he can cultivate a virus on a 
non-hving medium, but it is likely in any case to be a very 
complex one. Meanwhile we emphasise the fact that these 
very small agents do possess the power of reproducing 
their hke by a process of growth very similar in its essentials 
to the growth of larger hving beings. To this extent they 
too must be considered as being ahve. 

This relationship of the growth of the agent to the 
hving cells on which it grows is particularly well brought 
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out in the exceptional case of an agent which does not cause 
disease, but which seems to grow on bacteria much as 
bacteria grow on larger organisms. This agent is called 
bacteriophage — “ bacterium-eater ” — for its presence is 
recognised by the fact that it causes the bacteria on which 
it has been growing to disintegrate and dissolve into the 
medium. Bacteriophage, which cannot be cultivated by 
itself, seems to multiply only on young growing cultures 
of bacteria. An ordinary bacterial culture becomes 
increasingly turbid as the number of cells in it multiplies, 
but if a small quantity of the appropriate “ phage ” is 
present, the culture suddenly clears and practically all the 
cells are foimd to have dissolved. At the same time the 
amount of phage has increased very greatly, for a very small 
quantity of the contents of the tube added to another 
similar culture of growing bacteria will bring about their 
dissolution in a similar fashion, and by repeating the 
process unlimited amoimts of the agent can be obtamed 
from an originally small quantity. 

The fact that phage can grow only on hving bacteria is 
very analogous to the fact that viruses can be cultivated 
outside the body only on living tissue cultures. It seems 
natural to classify aU these agents together and to regard 
the bacteriophages — ^it has become quite clear that there 
is not one but a large number of distinct phages — as viruses 
infesting the cells not of ordinary animals or plants but of 
bacteria, which themselves frequently iafect the higher 
organisms. We are reminded of the old tag, misquoted 
from Dean Swift : 

Por larger fleas have smaller fleas 
Upon their backs to bite ’em, 

And smaller fleas have lesser fleas 
And so ad infinitum, 

up to now we have spoken of the ultimate particles 
which constitute the viruses or the bacteriophages as being of 
size less than 9 or 10, This upper limit to their size follows 

301 



no-man’s-land 

from the fact that they are quite invisible even under the 
microscope with the highest possible magnification. It is 
obviously very desirable to know their size more exactly, 
and it has recently been found possible to measure them 
by a method easy to understand though somewhat difiicult 
to apply. The principle is that of the sieve ; if we wish to 
know the size of the particles composing, say, a coarse 
powder, we may take a series of sieves of various meshes 
and find which one will just hold back the particles in 
question. This method may be applied even when the 
particles can only be obtained as an aqueous suspension. 

In the case of the viruses the difficulty is that ordinary 
sieves are far too coarse. We require a mesh diameter of 
about a hundred thousandth of a millimetre (or a millionth 
of an inch). The difficulty has been solved by the use of 
collodion membranes. The adoption of certain precautions 
in the manufacture of the membranes makes it possible to 
ensm’e that the pores in any one membrane are fairly 
uniform in size. It is possible to prepare a graded series of 
these and, by testing them on compounds with molecules 
of known size, to calibrate them so that the pore diameter 
of each membrane is known. Solutions of a virus (or 
bacteriophage) are then filtered through these membranes, 
and it is found which membrane just lets the active agent 
pass and which keeps it back. The interpretation of the 
results is not quite so straightforward as one might perhaps 
expect — ^in addition to the fact that the holes of the 
membrane may vary to some extent, there is the further 
difficulty that the passage of particles through such minute 
holes is not a simple mechanical process, but is complicated 
by the presence of electric charges on the walls of the 
pores and on the particles themselves. 

However, these factors can be allowed for, and in this 
way are obtained the figures given in Table IV. These 
measurements, though only approximate, give some 
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indication of tke range of size of tMs class of substances. 
In tbe table tbe sizes of a few protein molecules have also 
been given. It will be seen that tbe smaller vbuses are 
comparable in diameter with tbe larger proteins. 


Table IV. — Sizes oe Bacteria, Viruses, and Molecules. 


Eed blood cell . 

5,000-7,000 

Bacillus anthracis . 

4,000 

Bacillus pestis . 

1,200 

Bacillus prodigiosus . 

750 

Psittacosis virus (parrot disease) 

275 

Babies virus (hydrophobia) 

125 

Influenza virus 

100 

Bacteriophages . 

25-60 

Tobacco 7nosaic disease virus 

30 

Hsemocyaniu molecule 

24 

Yellow fever virus 

22 

Foot-and-mouth disease virus 

10 

Oxyhaemoglobiu molecule 

5*6 

Egg albumin molecule 

4 

Starch molecule 

2 

Cane sugar molecule .... 

1 

Water molecule 

0-3 


The figures give the approximate linear dimensions in m/x (one million 
m/x equal one millimetre). The names of viruses are printed in italics. 


Tbe viruses, then, are to be regarded as very primitive 
forms of bving matter. Like all bving things, they are 
composed of discrete units, all of them alike, wbicb multiply 
when tbe envbonment is suitable. It is therefore not 
surprising that many were sceptical when tbe American 
biocbemist W. M. Stanley announced a year or two ago that 
be bad crystallised a virus ! To those who regarded tbe 
animate and inanimate worlds as completely distinct from 
each other, it seemed inherently fantastic to think that an 
apparently bving thing like a virus could be crystallised. 
But later work has only served to confirm tbe essential 
correctness of Stanley’s claim. 

Stanley’s original work was carried out with a virus wbicb 
afiected not an animal organism but a plant. It was tbe 
one which affects tbe tobacco plant, producing a disease 
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SojcUhts prodigtosns 


PsittxicosiB 

Tojccimoj 

JtaPies 
Hons . 

Fowl pUxgvLe 



275mfi 


iSOmpb 



iBSiap 

JOOmfi 


75112 ft @ 


Potato vims x 


Tobacco mosaic 30m/o 

Mwmoq/anm, Mmii 

Tellow fever ZZiiifjo 

JPootanAmcnzSi disease . lOaifi 


Fia. 54. — Belatiye sizes of viruses, bacteria and protein molecules. 

(Beproduced froxn Science Progress, Vol. XXX., p. 419, "by kind permission of tlie 
author, X. M. Smith, and the publishers.) 
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characterised by a spotted appearance on the leaf and called 
the tobacco mosaic disease. The active agent is contained 
in the leaf juice, and by subjecting the latter to a suitable 
process of purification Stanley finally obtained a crystalhne 
material, apparently a protein, of which a very minute 
amount was sufficient to produce the disease when inocu- 
lated into the leaf of a healthy plant. Stanley advanced 
evidence in support of the view that this crystaUiue 
substance was actually the virus itself— not merely an 
inactive protein with some of the active agent adsorbed 
on it. 

Since Stanley first announced his startling discovery, 
viruses causing diseases in other plants such as the cu- 
cumber or tomato, have also been isolated in a crystalline 
or at least partially crystalline form. The American 
investigator Wyckoff claims even to have separated the 
agent responsible for an animal disease, the virus of rabbit 
papillomatosis, and to have obtained it as a crystalline 
protein. 

The method used by Wyckoff for concentrating plant 
and animal viruses is surprisingly simple. The viruses are 
large protein particles wfith a “ molecular ” weight of ten 
to twenty millions. In the ultra-centrifuge (see page 84), 
therefore, they sediment fairly rapidly, more rapidly than 
the proteins by which they are accompanied. They may 
in this way be easily concentrated, whereupon they may 
spontaneously separate in the crystalline form. 

In a sense it is only partially true to speak of these 
isolated viruses as crystalline, for careful examination, 
carried out in part with X-rays, shows that, though some 
form true crystals with regularity in all three dimensions, 
others separate as needle-like objects which are better 
described as “ paracrystals.” A cross-section of such a 
“ paracrystal” would show a regular arrangement (Fig. 55, c) 
of the constituent elementary particles, but a longitudinal 
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section would reveal that in the third dimension regularity 
is wanting (Fig. 65, h). The elementary particles may be 
described as cigar-shaped, perhaps 150m/.t long by ISm/j, in 
diameter, and there are probably several thousand of these 
cigars all parallel to each other in a single microscopic 
“ paracrystal.” Even in solution, if not dilute, these cigar- 
shaped objects tend to orientate themselves with their long 
axes all parallel. A section made at right angles to this 
axis would show all the particles regularly arranged as in 

A I I 


X y 



Fig. 55. — Diagrammatic representation of a ‘‘paracrystal ” after Bernal, 
Nature, 139, p. 924, 1937). {a) A single paracrystal, enlarged 2500 
times ; (5) The portion between x and y enlarged a further 16 

times. Each short rod is a “ molecule ” of the virus ; (c) The 
cross section at x also enlarged a further 16 times. Observe that 
“ 0 ” shows a regular arrangement, but “ ” is not regular in the 

lengthwise direction. 


the paracrystal ; indeed, the formation of the visible needles 
is only a further stage in this process of segregation. 

It is not quite clear whether the individual cigars are 
to be regarded as single giant protein molecules or as more 
complex structures formed by the association of several 
chemically distinct units. The outstanding fact is that 
here we have a living agent, capable of multiplying in- 
definitely, and yet exhibiting a tendency to aggregate in 
regular arrangements in a way essentially the same as that 
found in crystals of soap or fat or other common inanimate 
compounds. 
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All strange things begin to seem, natural once we are 
accustomed to them, and crystalline viruses are no excep- 
tion. Already they have become respectable and are 
accepted in the best scientific society. Why, after all, 
should viruses not crystallise ? As we have already seen, 
many proteins crystallise. These have usually a molecular 
weight of the order of one hundred thousand. Some of the 
smaller viruses are only a few times as heavy. The crystal- 
line viruses which have been most fully investigated are 
perhaps one hundred times as large. This increased size 
might be expected to make crystallisation somewhat more 
difficult, but on the other hand it must be remembered 
that the virus as an agent of disease is highly specific, with 
peculiar and characteristic properties, and that it is there- 
fore to be expected that all the virus particles will possess 
practically identical structures. It is little wonder that 
this multitude of particles, all alike in shape and size, 
easily arrange themselves in a regular pattern, just as do 
the molecules of cane sugar when they form the crystals 
that we buy from the grocer. 

In the light of these facts, then, we must regard the 
viruses as occupying a region between the ordinary living 
micro-organisms on the one side and the crystalline com- 
pounds of organic and inorganic chemistry on the other. 
They are dwellers in a kind of no-man’s-land, on the one 
side of which only simple inanimate objects are found, but 
which, if we cross it, leads to all the varied and innumerable 
forms which we class together as living things. There 
would seem to be no hard-and-fast boundary between these 
two worlds. The transition is a gradual one — not hke 
passing, say, out of France into Belgium, but rather like 
sailing from the North Sea to the Atlantic Ocean : no one 
can say .where the boundary is crossed. 

It would be a mistake to imagine this zone as occupied 
only by the viruses and phages. Various complex proteins 
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fall within the same region. There is, for esample, 
hsemocyanin, the copper-containing protein which plays the 
same part in the crab as haemoglobin does in our blood, and 
there is the still larger thyreoglobulin, the protein occurring 
in the thyroid gland, with which the active principle, 
thyroxin (see p. 151), is combined. 

It is, however, with the enzymes that the viruses and 
phages show most affinity, although the enzymes in 
general have somewhat smaller particle sizes than these 
giant proteins. Indeed, if there happened to be an 
enzyme which acted on living cells so as to break them 
up, and in doing so liberated large quantities of the 
same enzyme, then this enzyme would be practi- 
cally indistinguishable from a phage for that type of 
cell. 

Now this is not altogether mere speculation. The 
American biochemist Northrop has already experimentally 
demonstrated a closely analogous phenomenon. The 
protein-digesting enzyme “ trypsin ” is secreted by the 
pancreas in an inactive form called “ trypsinogen.” This 
can be obtained in crystalline form, and the product when 
pure is entirely without action on proteins. But it is itself 
a protein, and it so happens that it is turned into the active 
trypsin when it is subjected to suitable rmld chemical 
alteration. This is effected by the action of trypsin itself. 
Thus the addition under suitable conditions of a minute 
trace of active trypsin to a solution of inactive trypsinogen 
soon results in a rapid increase in the amount of trypsin 
present. The new trypsin in turn acts on the still unaltered 
trypsinogen, and so the production of the active enzyme 
goes on at an ever-increasing rate as long as there is 
sufficient food — ^that is to say, trypsinogen — ^to feed the 
active agent, the enzyme. Northrop points out how 
similar the growth of trypsin in such a solution of tryp- 
sinogen is to the growth of bacteria in a culture medium — 
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or to the growth of rabbits in Australia, for that matter. 
Nothing happens until the first bacterium or pair of rabbits 
is introduced. After that growth goes ahead at an ever- 
increasing rate rmtil finally it begins to be held up by the 
failure of the food supply or the otherwise unfavourable 
nature of the environment. In this production of enzyme 
from its inactive precursor we have a model of living growth 
— simple and diagrammatic, but perhaps not fundamentally 
different from the real thing. 

Crystalline proteins, enzymes, phages, viruses, bacteria — 
so the series seems to run. But let us remember that 
the first bacteria to be investigated were the harmful ones 
and that it was only later that the less troublesome species 
were given much attention. In the same way it is obvious 
that attention has been directed to the known viruses 
because they attack man himself or some plant or animal 
in which he is interested. But many non-pathogenic 
bacteria are known — why not non-pathogenic viruses ? 
Perhaps they might be found if they were searched for : 
the difficulty is to know how to search. The individual 
particles are too small to be seen and identified imder the 
microscope ; whilst being presumably proteins themselves 
there is usually little hope of their being separable from 
the variety of other proteins with which they are admixed. 
Yet for all we know living cells may be infested with 
non-pathogenic viruses — if we may be permitted to use 
this contradiction in terms. We may all be harbouring 
these agents and transmitting them to one another and be 
all the time unconscious of their presence, just as we are 
usually quite unaware of the many harmless bacteria in 
our mouths and on our sldns. But if we admit this 
apparently harmless conclusion, then we may be tempted 
to speculate further. 

The known viruses cause diseases of greater or less 
severity, ranging from rabies and small-pox on the one 
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hand to influenza and the comnaon cold on the other. We 
now have to contemplate a possible group of entirely harm- 
less viruses. One naturally goes on to wonder whether 
intermediate ones do not also exist ; ones not exactly 
without any effect, hut producing disturbances so noild 
that they tend to be neglected or put down to the state of 
the weather or of our bank balance or the political situation. 
But may not these sensations of feeling slightly depressed, 
or of being rather out of condition, be really due to infection 
with a very mild virus ? And if there may be depressing 
viruses, why not cheerful ones, ones which give their 
victims “ that Kruschen feeling ” or that sensation of uplift 
and high endeavour so dear to the revivalist in Tennessee 
or South Wales 1 

Now, as we all know, troubles like measles and influenza 
tend to come in epidemics. In a similar way we might 
expect that our virus of mild depression or of mild exalta- 
tion would also come in epidemics. Imagine what the 
result would be on business or on the Stock Exchange. 
The exaltation virus is prevalent : everyone is optimistic, 
markets are buoyant, prices soaring. But gradually the 
population becomes immunised, tempers become less 
sanguine, and then suddenly the virus of depression sweeps 
through the country. Bankers and business men, financiers 
and politicians all tend to catch it ; gloom becomes the 
order of the day ; prices fall, governments crash, banks 
fail, and dishonest financiers are found out. But after a 
few months, or at most a few years, nature takes its course 
and gradually the disease works itself out. Most of the 
community has passed through the infection and has become 
immune. The depression gradually passes away ,■ and 
soon the cheerful virus begins to make headway again. 
The general state of immimity which it had induced earher 
has gradually worn off, and before long another boom is 
in full swing. Perhaps some day the medical history of 
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booms and depressions may be written on lines such, as 
these — ^^\^ho can tell ? 

But if viruses might affect trade, why not politics ? We 
see some periods of history characterised by reason and 
tolerance ; we find others less happily favoured : periods 
of intolerance, of ruthlessness, of religious fanaticism and 
political hatreds. We fibad countries in which political life 
is mild and mellow ; in others there is a tradition of 
violence and hate. Is it too far-fetched to suggest that 
political intolerance and bitterness may be the result of 
disease, not merely metaphorically but Hterally ? May 
there not be a virus which affects the brain, just as the 
rabies virus does, but producing instead of hydrophobia — 
a fear of water — some other phobia, a fear of Germans or 
a hatred of Jews ? Perhaps someone will in due course 
bring out an antiserum, something which will protect people 
against this destructive germ. The fortunate discoverer 
will certainly merit the Nobel Prize for Peace, if not those 
for Medicine and Chemistry as well. 

Whatever it may ultimately prove to contain, the region 
in our scale of size from point 5 to point 9 or 10, this no- 
man’s-land between the things we can see under the 
microscope and the well-behaved molecules of ordinary 
chemistry, is undoubtedly unusually difficult to explore, 
and at the same time it promises a rich reward to those 
who ultimately succeed in finding out its secrets. For it 
would seem that it is here, if anywhere, that the clue to the 
mystery of living things is to be found. It is somewhere 
in this region that we first meet with objects which no one 
would deny were alive. Already the number of atoms in 
each particle is so great that the molecular architecture 
can be very elaborate. Exquisitely delicate and compH- 
cated structures are possible. The particles, too, are just 
of the right size for surface forces to exert their TnaxiTrmm 
effect, and these latter help to promote and control the 
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great variety of chemical reactions on which organised 
living cells are dependant. The difficulty to the proper 
understanding of this region is just its essential complexity ; 
but it is this very complexity which makes possible the 
remarkable thing we call life. 
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THE KETREAT FROM THE VITALISTIC 

We are so accustomed to tFe distinctiou between living 
and non-living things, between the organic and the in- 
organic worlds, that we are apt to forget that this contrast 
only made its appearance at a comparatively late stage 
in the development of human society. Primitive man, 
when he began to think at all, made no such sharp dis- 
tinction. To him there were spirits of the woods, of the 
mountains, and of the clouds — spirits which could think and 
love and hate just like the spirits he thought of as existing 
within the bodies of his fellow men. Objects within 
which specially powerful spirits lived had to be worshipped 
and propitiated, so that their favour might be obtained 
or their enmity avoided. Even in Europe as late as the 
Middle Ages the average inhabitant would seem to have 
thought of himself as living in a world crowded with angels 
or demons ever ready to help or to hurt him. Behef in 
sorcery and witchcraft was natural, nay, inevitable under 
these circumstances ; it fitted into the prevalent philosophy 
of life. 

But with the Renaissance and the gradual development 
of scientific thought from the sixteenth century onwards, 
all this began to change. It was in astronomy that progress 
was most rapid and the discoveries most fundamental. 
It had, of course, been long realised that the motions of 
the sun and the moon, the stars and the planets in the 
heavens, could be described in terms of more or less comph- 
cated curves, and up to a certain hmit it was possible even 
to predict their future courses. The stars were relatively 
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simple in tlieir behaviour : they described circles round the 
Pole Star. The smi and the moon also revolved round the 
Pole Star, but they had a superimposed north-and-south 
motion. It was in the case of the planets Venus, Mercury, 
Mars, Jupiter, and Saturn that the complexities of the 
motion became greatest. They described curious, com- 
plicated curves in the heavens, and in respect of its motion 
each seemed to be a law unto itself. 

But Copernicus and Gahleo reahsed that the whole 
picture undergoes a drastic transformation and simplifi- 
cation if the sun, and not the earth, is regarded as the 
jfixed centre of things. The earth then simply rotates 
round its own axis ; the moon revolves round the earth ; 
and the latter, in turn, along with the other planets, 
describes a nearly circular orbit roimd the sun. Kepler 
found that the rates at which the various planets move 
in their orbits could be stated in a very simple law, and the 
climax in this process of simplification was reached when 
Newton discovered his Law of Gravitation, and showed 
that the motions of moon and earth and planets — ^not 
only their crude orbits, but their exact paths, as accurately 
as observations could tell — aU were the result of a few 
very simple laws of motion as apphed to bodies which 
attracted each other with a force which varied according to 
the inverse square of the distance. The picture had 
previously been a mass of meaningless curves, but by 
looking at it from the proper angle its plan had suddenly 
become clear ; and the astronomer henceforth felt that he 
“ understood ” the motion of the planets and that it only 
required the exertion of sufficient effort to enable him to 
predict their courses for hundreds or even thousands of 
years. 

These fundamental developments in astronomy were 
accompanied by discoveries having the same rationahsing 
effect in other branches of Natural Philosophy. The 
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fundamental laws governing the equilibria of gases and 
liquids were discovered. The science of optics made 
rapid advances. By the end of the seventeenth century 
the scientific era had definitely come to life as a vigorous 
youngster, still undeveloped and quite diminutive in size, 
but full of promise for the future and evidently destined 
to make a great impression on the world at large. 

However, in branches of Natural Philosophy other than 
astronomy and physics not much real progress was achieved 
until the eighteenth century was well on its way. In 
sciences such as geology and chemistry observations and 
facts accumulated, but these branches of knowledge were 
in the same state as astronomy before the days of Copernicus. 
The proper angle from which to regard the picture had not 
yet been foimd. And this coxdd not easily be done until 
misleading ideas and prejudices had been cleared away. 
The behevers in a fixed earth of the sixteenth century had 
their chemical counterpart in the “ phlogistonists ” of the 
eighteenth. Lavoisier, however, showed that combustion 
does not consist in the expulsion by heat of a substance 
called phlogiston from the combustible material, but in the 
combination of the latter with a component of the atmo- 
sphere, the gas we now call oxygen. By the end of the 
eighteenth century the ground had been cleared for 
the development of the modern theory of the molecule 
and the atomic structure of matter. By the hypothesis 
advanced by John Dalton, a schoolmaster of Manchester, 
that every chemical element consisted of a large number 
of atoms, all alike and capable of combining with each 
other according to certain definite rules embodied in the 
idea of valency, it was at once possible to correlate a 
large number of facts, the facts of inorganic chemistry. 
Chemistry, hke physics and astronomy, was seen to be 
built on a plan, perhaps a somewhat complicated one, 
but definite and comprehensible. 
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But at this stage in the history of science, there appeared 
to be a deep-seated division of substances into two great 
groups. One group included all those compounds found 
in the inorganic world, salts and metals, air and water. 
It was within this group of substances that the methods 
of chemistry, as it then was, had proved fruitful, and the 
atomic theory of Dalton had created order out of a chaos 
of empirical facts. But, apart from these inorganic 
compounds, it was realised that there was a large number 
of substances apparently of a different kind, the substances 
which never appeared except in hving things or as a result of 
the activity of living things. These “organic” compounds, 
it was known, must somehow contain elements such as 
carbon, hydrogen, and oxygen, found m a free or combined 
state in the inorganic world, but all efforts to produce 
an “ organic ” compomud out of inorganic ones without 
the use of living organisms had met with complete failure. 
In these circumstances the division of chemistry into two 
sections, organic chemistry and inorganic chemistry, 
seemed well justified, and this in turn supported the view 
that the phenomenon of life was a thing separate and 
quite distinct from, though superimposed upon, the in- 
organic world of land, sea, and air. 

Indeed, at this stage the evidence in favour of a duahstic 
view of the universe might well have seemed overwhelming. 
Not only was it supported by Bibhcal authority — ^was not 
the earth made on the third day, and the vegetable and 
animal kingdoms brought into existence subsequently as 
distinct creations ? — ^not only was it ia accordance with 
plain simple common sense, just as the obvious fact 
of the sun rising in the east and moving across the sky 
to set in the west had been three centuries previously ; 
but there was the very important conclusion, based upon 
innumerable experiments, that the “ organic ” world 
was characterised by a special group of compounds out 
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of wHch. it was made and wHcL. it alone seemed able to 
synthesise. 

It was the German chemist Priedrich Wohler who in 
1828 made the epoch-making discovery that urea could 
be synthesised from materials of unquestionably in- 
organic origin. Urea, of course, is a very simple and 
common compound. It had long been known as a consti- 
tuent of urine and recognised as a waste product of the 
animal body. But up to this time it had never been 
obtained except as the result of the activity of hving 
matter. It was recognised by general consent as a typical 
“ organic ” compound. It was therefore commonly be- 
lieved that it would prove impossible to synthesise it in the 
laboratory. But the apparently impossible was achieved, 
and the first shattering blow given to the attempt to 
draw a fundamental distinction between organic and 
inorganic compounds. 

The process of synthesising organic compounds, begun by 
Wohler over a hundred years ago, has gone on continuously 
at an ever-increasing speed. One after the other, sub- 
stances of greater and greater complexity have been 
synthesised by the organic chemist. Of course the chemist 
does not always start out from the actual elements, carbon, 
hydrogen, oxygen and so forth ; it is enough if he can 
produce a new compound from substances previously 
synthesised. He knows that if he really wanted to do so 
he could make any one of these thousands of natural 
products from its elements ; it would only be a question of 
being able to devote sufficient labour and expense to the 
work. Even in the case of those natural products, such as 
quinine, which have not yet been synthesised, the exact 
constitution is frequently known, and success in synthesis 
is dependent only on hitting on the right experimental 
conditions and following the right route. It is true we 
still give separate courses of lectures on organic and 
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inorganic clieinistry at our universities and colleges and 
still have our text-books of chemistry named accordingly, 
hut this is a matter of convenience and sometimes the 
border-line is hard to place. 

From the time of WohJer right up to the present day 
the history of organic chemistry is largely the story of 
the working out of the structure of one after another of the 
extraordinary variety of substances found in plants and 
animals, and, in a very large number of cases of their 
synthesis by the methods which have been developed in 
the laboratory during the past hundred years. These 
methods, as we have seen, are often crude and inefficient, 
but in practice they have shown themselves of extremely 
wide apphcabihty, and as time has gone on and new and 
more difficult problems have arisen, new methods have 
been devised and old ones improved so that it would be 
rash to set any Hmit to the ultimate possibihties of synthetic 
organic chemistry. 

It was naturally the simpler compounds that were 
first prepared synthetically — ^paraffins, alcohols, acids, and 
similar substances of small molecular size and not very 
comphcated structure. But as time went on and ex- 
perience increased, more ambitious tasks were attempted 
and in due course successfully accompHshed. In 1869 
Grabe and Liebermann in Germany and Sir W. H. Perkin 
in England pubhshed almost simultaneously the first 
synthesis of a naturally occurring dyestuS, alizarin, the 
compound present in the madder plant. Synthetic dye- 
stufis of various kinds had already been known for one or 
two decades, and the great industry of the manufacture of 
synthetic dyestuffs was already in vigorous growth, but 
this was the first time that the laboratory chemist had 
actually made the precise colouring substance produced 
by nature. A decade or so later Baeyer had synthesised 
another and even more important natmal dyestuff, indigo. 
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In both these cases the methods of the organic chemist 
proved in the end to be more efficient from an economic 
point of view than the old process of cultivating the plant 
and extracting the dye therefrom, and so the cultivation 
of the madder plant and the indigo plant has been almost 
completely superseded by the chemist and the chemical 
factory. 

Other classes of natural products were also being in- 
tensively investigated and their structures ascertained. 
In about 1882, Emil Eischer apphed himself to the problem 
of the structure of uric acid and related compounds. 
In a few years the main problem had been solved, and uric 
acid itself was synthesised (by Behrend and Roosen) in 
1888. Fischer went on to his illustrious work on the sugars, 
in which the basis was laid of the chemistry of this important 
and extremely complex group of substances, and incidentally 
the synthesis of many of the simpler ones achieved. About 
the same time another large group of compounds, the 
terpenes, was intensively investigated, and the synthetic 
work of W. H. Perkin, junr., on these substances, char- 
acteristic of turpentine and other essential oils, is a model 
of its kind. Alkaloids, too, were investigated and one 
after another were synthesised. Sometimes the task was 
a comparatively easy one ; occasionally it was extremely 
difficult ; and even to-day some of the commonest alka- 
loids have defied all attempts at their synthesis. As 
for strychnine, we are still ignorant even of its exact 
structure. However, no one believes that this ignorance 
will continue indefinitely ; it is rather a question only of 
time and patience and labour. 

The twentieth century has seen the continuation of 
the advance which the nineteenth century began — only the 
rate of progress has become faster and faster. New com- 
pounds, indeed, whole new classes of compounds, have 
been discovered and their composition elucidated. Some- 
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times these are present in only exceedingly minute amounts 
in the animal or the plant, but they are of such extreme 
physiological activity that their presence in just the right 
concentrations is of vital importance to the organism. 
The failure of one contact in a magneto will upset the 
smooth running of the whole engine, and may easily lead 
to complete disaster. As we have seen in Chapter IX, 
the living organism, if deprived for example, of its minute 
supply of thyroxin, soon begins to missfire and to work 
extremely inefficiently or not at all. Our health and our 
happiness, our emotions and our desires are efiectively 
controlled by traces of these extremely potent substances. 
Our physical well-being, our power to think and reason, 
our whole attitude to life, whether gloomy or sanguine, 
despondent or buoyant — all these are definitely dependent 
upon the presence of these potent compounds in the right 
places at the right time and in the right amount. But 
they are in no way magical substances. They are just 
ordinary molecular structures — ^most of them can be 
crystallised, some have abeady been synthesised. We 
can no longer think of the vitamins and hormones as peculiar 
or mysterious “ principles.” 

But living matter is not merely a mass of compounds 
thrown together in a random fashion, any more than a 
house is merely a heap of brick and plaster and logs of wood. 
It has a definite structure. The units out of which it is 
made have to be btdlt up according to definite patterns. 
The structures so produced are themselves arranged in 
larger aggregates which are in turn parts of a greater whole. 
Thus, as we have seen (Chapter V), the amino-acids are 
built up into proteins and the simple sugars are associated 
together to give starch, glycogen, and cellulose (Chapter VI). 
These, in turn, are constituents of the cells out of which the 
organism is built up. Now it is in the intermediate region 
between the simple molecules on the one hand and the 
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microscopically visible cells and cell structures on tbe other 
that the problem of finding out the architecture of living 
matter is most difficult. For long this no-man’s-Iand — from 
about 6 to 10 on our scale of sizes (p. 10) — seemed hkely 
to resist all attempts at detailed investigation. It is true 
that colloidal chemistry came to life under the inspiration 
of Thomas Graham over one hundred years ago. This 
branch of chemistry has gradually developed and has 
proved to be of great importance both in biology and m 
industry. But papers on colloids have tended in the past 
to leave one with the impression that they were working 
round the problem rather than getting to the root of it. 
They told us what certain colloid substances did and 
formulated laws as to how they reacted with each other, 
but on the whole they failed to interpret these laws m 
terms of the fundamental properties of atoms and mole- 
cules, that is to say, in terms of the structure of the colloidal 
substances. 

The reason for this is a very simple one. Little was 
known about the precise structure of these colloidal 
substances, for they are not amenable to the ordinary 
methods of organic chemistry, and besides, they are 
essentially highly complex. The problem is indeed a 
baflffing one, yet until it has been solved no adequate 
imderstanding of living processes will be possible. 

Of all these colloidal substances the proteins stand out 
as the most important and at the same time the most 
unpromising from the chemical point of view. The 
amazing variety in appearance and properties which is so 
characteristic of these substances, the difficulty of treating 
them by the ordinary methods of organic chemistry — 
their disinclination to crystallise and their complete 
refusal to distil and, above all, the extreme instability to 
heat and many other reagents which most of the proteins 
exhibit — might suggest that the pre-Wohlerian theory 
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was true in a somewhat modified form. Everyone now 
agrees that no real division exists between the inorganic 
and the ordinary organic compounds, but are not the 
proteins essentially different from all other compounds, 
organic and inorganic alike ? 

At the beginning of the present century our knowledge 
of protein structure was very vague and largely speculative. 
The first great advance was made by Emil Fisher during the 
early years of this century, and his conception of the protein 
molecule as essentially a long chain of amino-acid mole- 
cules, linked together in a characteristic manner, has formed 
the basis for practically all subsequent work. Every year 
many new facts are being discovered, and as the result of 
piecing these together and working out the implications 
of the observations our knowledge of the protein molecules 
is gradually becoming more precise and more certain. 

No one can pretend, of course, that we have a complete 
knowledge of even the simplest protein, but there is little 
doubt that the molecules of proteins, like those of simpler 
substances, are composed of atoms united into a definite 
structure and that the properties of the protein are capable 
of description and explanation in terms of this structure. 
In fact, these complex and mysterious molecules difier 
from the simpler ones with which we are so familiar in 
much the same way as an elaborate treatise difiers from 
a short statement of, say, ten or a dozen words. Both 
are in the same language, employing the same kind of 
words, and these in turn are drawn from the same alphabet 
of letters. The same rules of spelling and grammar deter- 
mine how these letters and words are to be put together. 
But if we are familiar enough with a language to under- 
stand most simple statements without difficulty, we may 
be fairly sure that with sufficient efiort and time we could 
master even a very elaborate and complex document. 
It is the same with the proteins — ^the particular details 
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of the structure are in many respects still obscure, but 
the underlying principles are fairly completely known 
and with further study and experiment our understanding 
of them will become more and more complete. 

The analogy of molecular structures to documents 
composed in some particular language brings out a poiut of 
great significance. Sentences, chapters, treatises — ^these 
consist of words and in the last analysis of letters. But 
quite obviously they are not merely collections of words 
or letters ; to have any meaning these must be arranged 
in a suitable order, so that they bear particular relations 
to one another. Now, though the letters and words are 
indispensable, it is these relationships which give meaning 
to the whole ; the interchange of two words or even of 
two letters might profoundly alter the meaning. The 
skilled writer gets his effects, not by introducing new 
letters or inventing new words, but by weaving together 
common words into new and often highly complicated 
relationships. The words, the sentences, the whole 
structure of the book and its meaning — these are all 
determined by the innumerable relationships which exist 
between the individual letters, and these relationships 
are the really vital characteristics. In the same way, 
molecules and, more generally, all material structures 
are composed of atoms — ^ultimately, if we prefer it, of 
protons and electrons — associated together into particular 
and definite structures. Such structures imply the 
existence of relationships, and it is these sets of relation- 
ships which really distinguish one structure from another. 
In a molecule, say of benzene, we could imagine all the 
electrons and all the atomic nuclei replaced by others 
exactly similar. The molecule would evidently remain 
unaltered in its properties, and would clearly be indis- 
tinguishable from the original one. It would, in fact, 
from the physical point of view, be the original one. It 
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is like a car of wMoli every part is in time replaced by a 
new corresponding part — engine, body, kood, wheels, 
until only the steering wheel is left and finally even this is 
renewed. Is it still the old car covered by the same 
registration and licence fee or is it a new one ? The 
problem in the case of the molecule is even more subtle, 
for all electrons and all protons are absolutely alike and 
not just approximately so. The “ new ” molecule agrees 
completely with the “ old ” both in its internal structure 
and in its relations to external objects. As the exchange 
could not be detected experimentally, we should un- 
doubtedly regard it as the same molecule in spite of the 
fact that from the purely “ material ” point of view, it 
was entirely new. What has remained unaltered is the 
set of relationships which characterise this particular 
molecule. From this point of view these relationships 
are really the essence of the molecule. 

What is' true of a simple molecule continues to hold 
for more complicated structures. The important and 
characteristic thing about a protein molecule is not the 
actual atoms of which it is composed but the relations 
between these atoms, the pattern which they form. The 
same is evidently true of organised structures such as cells, 
or whole organs such as kidneys or brain. Indeed, it is 
equally true of the whole animal or a man. You, for 
example, are a material structure composed of a very 
large number of perfectly ordinary atoms . But the essential 
point about you is not these atoms but a complex set of 
relationships between them. These relationships are 
principally internal ones, but they also include relations 
with the outside world, and frequently these latter are far 
from negligible. As time passes the individual atoms in 
your body are gradually replaced by new ones derived 
principally from your food and drink. Over three-quarters 
of your body consists of water, and experiment shows that 
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tln'R is almost entirely replaced in the course of a few 
weeks. The renewal of other constituents of the body is a 
slower process, but, apart from the comparatively lifeless 
structures such as parts of the bones and teeth, there 
are probably relatively few atoms still in your body 
which were there twenty years ago. And yet you still 
look upon yourself and are looked upon by your friends and 
neighbours as the same person. 

What has remained constant is evidently not the material 
atoms of which your body is composed. The basis of 
continuity of an individual is to be sought rather in the 
persistence of particular relationships between the atoms. 
The individual, indeed, is to be identified with the aggre- 
gate of these relationships rather than with the atoms 
between which these relationships exist. 

Let us at this point indulge in a little speculation. 
We may suppose that someone with superhuman powers 
is able to piece together another collection of atoms in 
exactly the same relation to each other as exists in the case 
of some particular person, say Mr. Winston Churchill. 
The new Mr. Churchill would presumably look the same 
and do much the same as the old. In fact, if the set of 
relationships is the really characteristic thing, there should 
be no essential difference between the two men. They 
would, of course, be slightly different in one respect, 
namely, in that they could not occupy the same space 
at the same time, and so, though the internal relationships 
of the atoms among themselves were the same in both 
organisms, their relations to the outside world would 
necessarily be different. Furthermore, though the two 
beings would in general do the same things, it does not 
follow that under apparently identical conditions they 
would always do exactly the same thing at the same time. 
The principle of indeterminacy comes in here. The two 
Mr, Churchills would be alike in the same sense that two 

328 



THE EETREAT EEOM THE VITALISTIC 

atoms are alike. As we have already seen, their behaviour 
would be predictable only in the statistical sense. If both 
were subjected to the same test a great number of times — 
say, offered a large hat or a seat in the Cabinet — the 
proportion of cases in which one reacted in some specified 
way would be the same as the corresponding proportion 
for the other individual, but there would be no guarantee 
that both would do exactly the same thing at the same time. 

We have already seen that this unpredictability of 
behaviour is closely connected with the principle of in- 
determinacy. There seems to be no physical method 
by which we could even in theory determine the position 
and velocity simultaneously of the various particles of 
which we consider the body to be built up. This vagueness 
in the data completely invalidates any calculation of 
future behaviour in the sense of Newtonian dynamics. 
Now the interesting point for our present discussion is 
that this indeterminacy of the strictly material particles 
is in no way inconsistent with the existence of precise 
relationships between these particles. A relation 'may be 
quite definite and unambiguous and yet leave much free- 
dom to the things which are related. Thus the relation 
“ b is greater than o ” is a significant and often very 
important one, and yet is consistent with a having any 
value whatever. And so it is with material bodies, hving 
and non-hving alike. What is precise about them is the 
set of relationships which defines the mutual interactions 
of the particles of which they are composed. Within 
this system of relationships, the individual particles may 
be replaced by others without the structure as a whole 
losing its identity, while at the same time there is just 
enough lack of precision in the system (looked on as a 
mechanical system in the ordinary sense) to exhibit that 
indeterminacy and lack of exact predictability so character- 
istic both of single atoms and hving beings. 
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In the above discussion we have been gradually led from 
the topic of the structure of hving beings, and their 
constituent parts and characteristic products, to a con- 
sideration of their activity and behaviour. The facts 
as to how animals react in specified circumstances are 
obtainable by direct observation ; and with rather more 
elaborate technique, the same is true of parts of an a,TiiTnal 
isolated from the body as a whole. This investigation 
of the function of hving structures is broadly the business 
of physiology ; and it is an essential feature of the great 
mass of facts revealed by this science that they are all 
of them consistent with the laws of inorganic nature, 
the laws of physics and chemistry. That is not to say that 
ail these facts are completely exphcable by these laws, 
it means only that they do not contradict them. 

It is, of course, a matter of common experience that 
hving bodies behave in at least some respects just like non- 
hving ones. Thus, for example, they are subject to the 
law of gravitation — a man flung over a chff wiU fall through 
the air in the same way as a dummy of the same size and 
weight. An important contribution to this subject was 
made by Lavoisier, when he showed in the latter half of the 
eighteenth century that hving animals are continually using 
oxygen, and that the development of heat in the animal 
body was due to processes of combustion taldng place 
within, essentially similar to the process of inorganic 
combustion. This ultimately led to the reahsation that 
the animal body is in many ways analogous to an ordinary 
mechanical engine, and in particular that in all the activi- 
ties associated with life the Principle of the Conservation of 
Energy is never infringed. We have aheady seen in Chapter 
VII how important, both from a theoretical and a practical 
point of view, is this conclusion. 

As the sciences of physiology and, at a later date, of 
biochemistry developed, the knowledge of the physical and 
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chemical processes occurring in the living tissues and 
cells became more and more precise and detailed. Facts 
of all kinds — mechanical, electrical, and chemical — have 
accumulated in embarrassing abundance. Observations 
have been made on animals and tissues of almost every 
variety and under all kinds of conditions. However, 
in no single instance can it be said that there is definite 
proof that a case has been observed in which the ordinary 
laws of physios and chemistry do not apply. 

But it is not merely that living things and hviug pro- 
cesses conform to the general laws of chemistry and physics ; 
for example the law of gravitation and the law of the 
conservation of energy. It is perhaps even more significant 
that the detailed analysis of these processes reveals, in 
ever-increasing degree, the existence within the cell of 
physico-chemical systems which can be isolated in a form 
demonstrably free from living matter in the ordinary 
sense, and yet stiU capable of carrying out their character- 
istic reactions. We may recall, for example, how enzyme 
systems can be obtained in the test-tube, and how the 
further analysis of these systems is gradually enabhng 
them to be understood in terms of ordinary physics and 
chemistry. The details are being slowly worked out of the 
extremely complex series of reactions concerned in the 
utilisation of carbohydrate by the yeast ceil or in the 
muscle of an animal. Many of the chemical transforma- 
tions involved appeared at first sight to be pecidiar, and 
quite distinct from the reactions ordinarily encountered 
in the test-tube. However, as knowledge has accumulated 
the anomalies have tended to disappear, and the pictmre 
emerges of a system highly complex and still obscure in 
detail, but quite obviously similar in kind to those with which 
we are so familiar in the organic chemistry laboratory. 

This behef m the uniformity of all nature, in the essential 
consistency of all phenomena, living and non-living 

331 



THE EBTREAT PROM THE VITALISTIC 

alike, is indeed an article of faith which, supphes the 
driving-power behind biochemical research. There can 
be little doubt that if we regard this behef merely as a 
working hj^othesis, it has fully justified itself by the mass 
of interesting and important results which have already 
been obtained. Moreover, the failure of any fact to emerge 
in conflict with the behef is itself a strong support. But 
it is not proof. Perhaps we cannot expect ever to obtain 
complete proof of a general proposition of this kind. All 
we can say is that the more we investigate hving structures, 
the more completely are we able to explain their functions 
in terms of the molecular structures involved. 

But here, perhaps, we touch the crucial point. Some 
may consider that however satisfactory such explanations 
may be in regard to detail, they fail to explain the co- 
ordination of hving beings as wholes. And it must be 
admitted that, broadly speaking, we are still essentially 
ignorant of most of the reaUy important things that happen 
even in the simplest hving cell. At the same time it would 
be very rash to assume that, because the co-ordination of 
the various parts of an animal or plant is very perfect and 
mysterious, it is therefore something involving a new order 
of nature. The remarkable effects of the hormones and 
especiahy of the sex hormones, the action of the organiser 
substance in relation to embryonic development — 
phenomena such as these demonstrate how quite ordinary 
chemical compounds are employed to control the com- 
phcated machine. There is even reason to believe that the 
development of particidar organs, such as the lens of an 
eye or the structure of an ear, proceeds under the control 
of specific local “ organiser ” substances. Even our deepest 
emotions may be conditioned by traces of a derivative of 
phenanthrene. 

It would seem, then, that the result of the development 
of science in general and of physiology and biochemistry in 
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particular has been to bring about a retreat all along the 
line from the vitaHstic view, which insists that there is in 
living beings a class of phenomena essentially difEerent from 
that observable in inorganic nature. In respect of structure 
the duahstic view has long been out of date, and is now 
almost universally abandoned. In relation to function 
the issue is not yet decided, but it is almost in the nature of 
the case that the vitahsts are steadily forced to give up 
ground. 

But wiU this retreat continue indefinitely ? One or 
two poiuts must be borne in mind when considering this 
question. It must not be forgotten that the Principle of 
Indeterminacy sets a limit to the precision with which we 
can know any given structure ; as we say in Chapter III, 
this limit becomes particularly important when the 
structure is peculiar or unique. Chemistry as ordinarily 
understood does not deal with individual atoms or mole- 
cules ; it is concerned with systems which contain large 
numbers of equivalent imits. Consequently, only in as 
far as the structural units involved in living systems are 
not unique but available in large numbers will the science 
and conclusions of chemistry apply to them. One single 
muscle or one single brain, in as far as it is an individual 
structure, could not be completely specified even by the 
cleverest scientific superman, and so could not be described 
in physico-chemical terms either structurally or functionally. 
Of course, such a muscle or brain wiU, in fact, have much 
in common with other muscles or brains, and even in the 
same organ certain atomic configurations will occur over 
and over again. Not one molecule of glucose or lactic acid or 
oxidising enz3Tne will be present, but many, even myriads. 
It is really this fact which has made the development of 
biochemistry possible. 

We may put the point briefly by saying that all our 
scientific knowledge of the universe is really statistical. 
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What is unique, what happens once only, is of no interest 
in specie ceternitatis. These unique happenings may, 
of course, he of great interest to us personally — ^we are 
each of us an example of a unique structure exhibiting a 
sequence of unique events — ^but it would seem that as 
such we are not amenable to the scientific method. If 
we like we may of course call this individual, personal 
aspect of life “ vitalistic ” : this is only a matter of definition. 
But it would be a none too happy choice, for the word has 
already been used wit^ other meanings ; and further, as 
we have seen, this individual, particular aspect also applies 
to single atoms 'and molecules as well as to living structures. 
The contrast is reaUy not between vitalistic and mechanistic, 
but rather between the particular and the statistical, 
between the individual and the aggregate. 

If this point of view is a correct one, the problem of 
synthesising a man is just as soluble' as the problem of 
synthesising a molecule of alcohol. Of course, the actual 
task would be a much more laborious one. . It took nature 
at least hundreds of millions of years to work up through 
all kinds of intermediate forms : through invertebrates and 
sea animals, fishes and amphibians, until warm-blooded 
mammals were produced, to be succeeded ultimately by 
man himself. No doubt if the synthesis were repeated 
de novo under conscious direction, a considerable saving 
in time could be eSected and short cuts frequently adopted, 
but the task would unquestionably be a formidable one, 
even to chemists with many times the knowledge and 
resources that we at present possess : but in principle it 
should not be impossible. It would seem, however, that 
we could not in any circumstances synthesise a pwrticular 
man — all we could hope to do would be to synthesise men 
en masse. We could then pick out the particular type 
we required, if we were fortunate enough to have obtained 
it amongst the others. Even in the simplest organic 
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chemistry we rarely if ever get a yield of one hundred per 
cent, of the substance we want. Moreover, just as the 
behaviour of a single molecule of a pure compound is not 
completely predictable, so our synthetic men will be not 
robots but individuals whose behaviour will be no more 
predictable than our own. And so with the crowning 
achievement of a non-vitahstic science will come the final 
overthrow of a purely mechanistic philosophy. 
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